This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 
to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 
to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 
are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  marginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 
publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  this  resource,  we  have  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 

We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  from  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attribution  The  Google  "watermark"  you  see  on  each  file  is  essential  for  informing  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liability  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.  Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 


at|http  :  //books  .  google  .  com/ 


PHI 

11  .     *9  2''21 


m^ 


V 


JJJ7\ 


V  is.'. 


y-- 


•$C'  ^^% 


y^- 


iAi 


.-t^H 


T- 


•r 


'^^ 


Vi 


J 


-^^^'<- 


'^ 


^    ''       *  -  * 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


I 


CONTENTS 

OF 

VOLUME    FIRST. 


DYMAMiCgj.  * 1 

Pngectiln,-.. 159 

CorpiwoDlu-  FofCCT,  ■ *  f05 

CmpShrj  Attiactiop,         ,  916 

Bommdi's  Theory^ i aSl 

BotatiopofBodiw,  ^  ,  $$9 

StrtngflkisiMmtimkk, ■■  .         969 

Carfentry,  ,,., ■■„,   .      ,  : 496 

BiwC     ■  > f}SSt 

On  ibe  Coostniction  rfA^^iy^  Kifi 

On  the  CoomtructMHi  of  Centm  for  Bridgcf. 661 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


CONTENTS 

OF 

VOLUME    FIRST. 


Dymaiucsj ,,..  :,,, „,     1 

Pwydilcg, 159 

Corpiiicolar  Forces,  fA^ 

C^pilkiy  AtArft#>»iftnj  216 

Bonovidi's  Theory^ ' ^^7 

llntatirtnAfBniiiP«j    ■  yyj 

Strength  nf  M>torii^l«j  ^ 

CaipcpfaTi" ' 496 

Boot"  - ^ 552 

On  tbe  CoQBtnictioii  nf  Ai^hiwij  f|ff 

On  the  CcmsCnictioQ  of  Centm  for  ttwiigpa  ^  ^  gg^ 


Digitized  by  VjOOQIC 


Digitized  by  VjOOQIC 


PREFACE  OF  THE  EDITOR. 


Aftea  the  death  of  Dr  RoUaon,  in  1805,  his 
fiiend  and  successor^  the  hiteProfessorPlayfiiir,  un- 
dertook to  draw  up  an  account  of  Iu8  life  and  writ- 
inff,  and  to  anange  and  edite  the  various  artadaa 
which  he  had  composed  for  the  Eneydopaadia 
Britannica.  The  public  abeady  know  with  how 
modi  aUlity  Mr  Plajfiiir  executed  the  first  part 
of  his  task ;  and  it  is  mudi  to  be  regretted  that 
he  did  not  complete  it»  by  superintending  the 
publication  of  the  present  work.  When  we  con* 
ader,  however,  his  advanced  age»  and  the  numeiv 
cos  pursuits  of  his  own,  which  he  did  not  live  to 
finish,  we  cannot  be  surprised  at  his  declining  to 
ooeupy  his  time  with  a  spedes  of  labour  \fy 
which  he  could  ndther  add  to  his  own  reputa- 
tioii  nor  to  that  of  Dr  Robison. 

Under  Uiesecucumstances,  I  was  requested  by 
Dr  Bobison's  fiunily  to  superintend  the  publica- 
tion  of  l^s  sdaitific  works,  whidi  consisted  of 
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VI  PREFACE  OF  THE  EDITOR. 

some  manuscript  articles  on  Projectiles  and  Gnr- 
puscular  Action,*  and  of  the  articles  which  he  had 
contributed  to  the  fourth  edition  of  theEncrjrdopae* 
dia  Britannica.  Having  enjoyed  the  advantage 
of  being  one  of  Dr  Robison's  pupils,  I  could  not 
dedihe  a  task  whitsk'natutaHy  devolved*  upon 
ime ;  nor  should  I  have  felt  myself  at  liberty  to  do 
so,  had  I  been  able  to  foresee  the  difficulties 
which  I  had  to  encounter  in  its  execution. 

As  the  work  could  'not  be  extended  bey^Ad 
four  volumes,  it  was  necessary  to  select  the  mofift 
important  artides  for  publication ;  and^ven  when 
this  sdection  was  mad^  I  could  not  confine 
them  wiilmi  the  prescribed  limits,  without  a  pro- 
cess  of  abridgment,  which  was  both  troublesome 
and  difficuit  In  doSkig  this,  however,  I  gene- 
.  rally  confined  myself  to  the  omission  of  those  £- 
^ressions  of  a  political  and  religious  nirture,  which, 
liowever  appropriate  they  mig^t  have  been  at  tiie 
i»Ene,  were,  in  every  respect,  unsuitdble  to  sden- 
tific  discusmons ;  tiiough  sometimes,  ih>m  a  ^- 
iuseness  of  style,  and  a  redundancy  of  iBustration, 
aBowaUeinan^ncydopaedia,  I  was  enaUedto 
abridge,  without  omitting,  any  essential  step  in  tiie 
investigation.  The  repetitions  so  unavoidable  in 
articles  written  and  published  at  different  times, 
^ 

*  The  manuscript  articles  are  printed  in  vol.  I.  from  p.  159  to  366. 
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IharebifCMMefliei^fliltted;  iMittliiyatill^ 
to  a  ocmriderahle  degree^  and,  I  am  penuada^f 
tiiej  iviU  not  be  regatded  at  deftoto  by  the  nader 
wbo  baa  oecaskm  to  itady  wpamtely  the  ai^des 
in  wbich  th^  oocor.  Had  tlie  woiksof  DrSo- 
bnon  been  pot  into  my  handa  in  MS.  to  be  pab- 
Safaed  for  the  first  time,  I  should  have  tAt  that 
the  responffibilitj  of  the  author  wu  traniferredl  to 
thee^Ktor;  bat^hi  l^piesent  case,  ahnostaD the 
aitides  had  been  praviously  beibie  the  publie ;  and 
had  received  fiom  the  hands  of  the  author  various 
wnreetioDS  and  additions  Under  these  dnwBk 
^itanoM^  I  waafieed  fk>m  ereiy  editori^  ve^ond- 
hifity,  excepting  that  of  the  most  humble  kind. 

In  order  to  render  dns  irork  as  mnch  as  poa- 
s3ile  a  system  of  medumiesl  phih)saphy,  I 
nmdouB  that  it  should  contain  a  oonplete  ^ 
on  astronomy.  The  short  articles  on  Astronomy, 
and  die  artasles  on  fhe  TUes  and  the  Pteoassion 
of  die  ESquhiocces,  whidi  Dr  Rcdnaon  had  imtten 
fiir  tlie  £ncyck>psedia  Britannioa,  were  unfit  to 
supi^  this  dendevatum.  I  found  it  noeesaary^ 
Aenefore,  to  delay  die  work  tin  the  year  lUEO, 
when  the  •oapy-right  of  his  System  of  Astronomy 
had  expired.  This  work  has  therefore  been  iis^ 
as  a  substitute  for  the  astronomical  articles  oen* 
tained  in  the  EncydopaedBa,  sDsd  will  be  found  one 
of  the  most  valuable  treatises  on  PbysicsA'Astso* 
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nam^  that  has  for  a  lottg  time  been  given  to  the 
.j^uldic 

BdngdMiousof  making  the  work  as  complete 
aB  pottibl^  I  had  proposed  to  give  an  aooount  of 
the  leoent  disooveries  in  meaoe  in  the  form  of 
notes.    I  founds  however^  as  I  proceeded,  that 
there  was  not  room  for  any  additional  matter,  es- 
oeptinga  few  notes,  and  references  to  more  recent 
works;  and  I  fdt  that  I  could  make  no  apology 
to  the  reader  for  inserting  compositions  of  my 
own,  while  I  was  under  the  necessity  of  abridg- 
ing the  original  work.    In  the  article  on  the 
Steam-Engine,  however,  I   deviated  fix)m  this 
rule.    The  great  improvements  which  had  been 
made  upon  this  engine  since  Dr  Robiscm's  artide 
was  written,  rendered  it  necessary  that  consider 
rable  additions  should  be  made  to  it    I  had  Hie 
good  fortune  to  prevail  upon  our  late  celebrated 
countryman,  Mr  James  Watt,  to  ui;aiertake  the 
revision  of  the  article ;  and  though  he  intended 
only  to  correct  imperfections,  and  supply  some 
of  the  most,  prominent  defects,  yet  he  was  gra- 
dually led  to  extend  Im  views,  and  to  ccmipoae 
those,  valuable  additions  on  the  History,  the  Frin^ 
dples,  and  the  Construction  of  the  Steam-Engine 
which  enrich  that  part  of  the  work. 

To  those  who  may  examine  Dr  Robison's  dis- 
sertations with  a  critical  eye,  it  may  be  necessary 
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tostite,thatfliqrwweaBoompo8edmideftlwi^ 
fluenoe  of  that  crael  discaw  with  wludi  hemtt 
lAetod  ftr  a  hog  period  of  yean.  The  know- 
ledge of  mediamcal  philosophy  which  Uiey  every* 
where  di^y  {wmcnwrn  tiie  lare  quality  of  bemg 
at  oDoe  ptMtioBi  and  pvofaund^  and  lli^aK  often 
cnridied  widi  anginal  vietra  wd  ingenooa  in« 
ventkofl^  wUdi  it  leqiuNd  only  thetwmqnilKty  of 
heaitii  to  perfeet  and  mature*  It  was  kis  deataiy^ 
however,,  to  eigoy  but  at  ifistant  intervals  that 
eahn  of  mind  wliioh  can  alone  sustain  the  ardour 
ofJBeeovety.  At  such  periods^  his  amfaltion  oon- 
atantly  reverted  to  those  <»iginal  pursuits  which 
he  was  deurous  of  faringing  to  a  dose ;  but  they 
were  no  sooner  begun,  than  they  were  interrupt- 
ed by  reiewed  attacks  of  that  painful  disease 
which  ultimately  deprived  him  of  his  life.   . 

AlAough  Dr  Robison's  name,  therefore,  can- 
not be  aasodated  with  the  great  discoveries  of  the 
centuiy  which  he  adcnmed,  yet  the  memory  of  his 
talents  and  his  virtues  will  be  long  cherished  by 
his  eoontry.     Imbued  with  the  genuine  spirit  of 
the  philosophy  which  he  taught,  he  was  one  of 
the  warmest  patrons  of  genius,  wherever  it  was 
iboiid     His  mind  viras  noUy  elevated  above  the 
niean  jealousies  of  rival  ambiticHi,  and  his  love  of 
science  and  €^  justice  was  too  ardent  to  allow  him 
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Moot  to  deplcedate  tiie  labourt  ctf  Qthera^  or  to 

To  these  gnwt  qtiuditiet  m  a  phUowiplMC^  Dc 
ItMson  added  all  Ite  mate  estunable.  enddw-^ 
ineatBofdoniestieandof aoobllife.  HisfineiuL 
fU^  wwB  §A  aU  .tinfli  gpeiwDDlii  and  amoeifi; 
His  pieijr  vas  avdont  and  iiiiosteiibttioii&  Hb 
patriotisn  iras  of  the  most  puie  and  esaifcbsd  q1ui>* 
raoiar ;  aadt  files  Ae  immoital  Neivton^  wbooe  me* 
moty  he  cbcndied  with  a  peeuliar  rewetmte,  be 
waa  pre*emin0Btty  entitled  to  the  high  distino* 
tien  of  aChiistian  patriot  and  phUosopboe. 

Epihburoh,  Dec*  29,  1891. 
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LETTER 


TO 


I>R  BREWSTER  from  Mn  WATT. 


At  your  request,  I  hare  carefoUy  pertued 
mj  kte  ezcdlent  fiieod  Dr  Robibow's  articles  **  Steam'' 
and  <*  Steam-Eo^neB,''  io  the  EncydopaBdia  Britaonica^ 
and  have  made  remarks  upon  them  in  such  places  wh^e^ 
c&her  from  the  want  of  proper  infbrmation,  or  from  too 
great  a  rdiaaee  oo  the  powers  of  his  extraordinary  memory^ 
at  a  period  when  it  probably  had  been  weakened  by  a  long 
state  of  acote  pain,  and  by  the  remedies  to  which  he  was 
efal^ied  to  have  recourse,  he  had  been  led  into  mistakes  ia 
ngard  to  ActBf  and  also  in  some  phoes  where  his  deduc- 
tKiiis  bare  appeared  to  me  to  be  erroneous. 

There  liad  been  but  yery  little  interchange  of  letters 

Utrnten  om  f€^  aome  years  prerious  to  his  writing  those 

utidet^  ond  o>or  opportunities  of  meeting  had  been  rare^ 

aid  of  abort  doratiooy  and  not  occupied  by  philosophical 
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discussions.  Had  I  been  apprised  of  bis  design,  I  migbt 
at  least  have  prevented  the  errors  respecting  the  facts  in 
which  I  was  concerned;  but»  upon  the  whole,  it  is  more 
surprising  jto  me  that  his  recollection  should  have  served 
him  so  well  in  narrating  transactions  of  dO  years  standing, 
than  that  it  should  sometimes  have  led  him  astray.  If  I 
had  not  retained  some  memorandums  made  at  the  time  of, 
or  soon  after,  their  occurrence,  I  should  myself  have  felt 
great  difficulty  in  recalling  to  mind  the  particulars  at  the 
period  when  I  first  perused  those  articles,  which  was  some 
time  after  their  publication.  I  had  about  that  period  an 
opportunity  of  personally  stating  to  Dr  Robison  some  re- 
marks upon  them,  of  which  he  availed  himself  to  a  small 
extent  in  the  Supplement  to  the  Encyclopaedia  Britannica^ 
and  probably  would  have  done  so  still  more,  had  be  been 
called  upon  to  remould  these  articles. 

I  have  endeavoured  to  throw  most  of  my  corrections 
into  the  form  of  notes ;  but  in  some  places  I  judged  it 
necessary  to  alter  the  text ;  which  alterations  I  have  mark- 
ed to  be  printed  in  Italics,  that  they  may  be  readily  distin- 
guished from  the  original.  In  a  few  places  I  have  cancelled 
part  of  the  text  without  any  substitution,  none  appear- 
ing to  me  to  be  required.  In  others  I  have  left  part  of  the 
reasoning  unaltered  which  I  did  not  concur  in ;  as  in  mere 
matters  of  opinion,  where  no  manifest  error  was  involved, 
I  did  not  conceive  it  proper  to  introduce  my  own  specu- 
lations. 

As  the  subjects  of  Steam,  and  Steam-^Engines,  had  been 
almost  dismissed  from  my  mind  for  many  years  ^previous 
to  my  undertaking  this  revision,  I  have  called  in  the  aid  of 
my  friend  Mr  John  Southern,  and  of  my  son,  whose 
daily  avocations  in  the  manufacture  of  steam^^engines,  ren- 
der them  more  conversant  with  some  points,  to  direct  my 
attention  to  them ;  and  of  the  former,  to  examine  such  of 
the  algebraic  formulae  as  appeared  essential,  an  office  for 
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tliiA\ie\BmTit\x\«lte^  qualified  than  myself;  and  he  ha» 
ia»ijmg\y  marked  those  formute  with  his  initials. 

1  hayt  not  attempted  to  render  Dr  Robison's  memoir 

a  complete  history  of  the  Steam-Engine ;  nor  have  I  even 

pjen  a  detailed  account  of  my  own  improvements  upon  it. 

Hjc  former  would  haVe  been  an  undertaking  beyond  my 

pwent  powers,  and  the  latter  must  much  have  exceeded 

Ac  Ihmts  of  a  commentary  upon  my  friend's  work.  I  have 

wcrefore  confined  myself  to  correcting  such  parts  as  ap- 

pCBted  Heceaaaryi  and  to  adding  such  matter  as  be  had  not 

^  opportani^  of  knowing. 

Here  it  wss  my  intention  to  have  closed  this  letter ;  but 
the  representations  of  friends,  whose  opinions  I  highly 
'^shiei  induce  nie  to  avail  myself  of  this  opportunity  of 
noticing  an  error  into  which  not  only  Dr  Robison,  but 
ipparently  also  Dr  Black,  ha^  fallen,  in  relation  to  the 
cr^  oi  my  improvements  upon  the  Steam-Engine,  and 
wbidi  not  having  been  publicly  controverted  by  mc,  has^ 
I  am  infermed,  been  adopted  by  almost  every  subsequent 
vrfteir  opon  the  subject  of  Latent  Heat. 

Dr  RoBiflON,  in  the  article  Steam-Engine,  after  pass- 
ing an  encomium  upon  me,  dictated  by  the  partiality  of 
frieodship^  quaUfies  me  as  the  **  pupil  and  intimate  friend 
oTDr  Black;"  a  description  which,  not  being  there  ac- 
companied with  any  inference,  did  not  particularly  strike 
ffie  St  the  time  of  ito  first  perusal.  He  afterwards,  in  the 
dedication  to  me  of  his  edition  of  Dr  Black's  Lectures 
opon  Chemistry,  goes  the  length  of  supposing  me  to  have 
profeMed  to  owe  my  improvements  upon  the  Steam-En- 
gine to  the  instructions  and  information  I  had  received 
fiom  that  gendeman,  which  certainly  was  a  misapprehend 
SOD,  BB,  though  I  have  always  felt  and  acknowledged  niy 
(ibfigations  to  him  for  the  information  I  had  received  from 
bis  comrersation,  and  particularly  for  the  knowledge  of 
|bedoctriiie  of  Latent  Heat,  I  never  did,  nor  cmi/i,  con- 
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iider  my  improTaDenti  a4  ori^^imtiiig  in  those  conimu- 
nications.    He  it  abo  mislaken  in  hu  assertion,  p.  8  of 
the  Pre&ce  to  ibe  above  work,  that  ^  I  had  attended  two 
<<  coarsoB  of  the  Doctor's  Lectures  ;*'*  for,  unfortunately 
fer  me,  the  necessary  avocations  of  my  business  prevented 
me  from  attending  his  or  any  other  lectures  at  College ; 
and  as  Dr  Robison  was  himself  absent  from  Scotland  for 
four  years  at  the  period  referr^^  UH  he  must  have  been 
misled  by  erroneous  informiition.     In  page  184  of  the 
Lectures,  Dr  Black  says»  <<  I  have  the  pleasure  of  think- 
<<  ing  that  the  knowledge  we  have  acquired  oonceming 
'<  the  nature  of  elastic  vapours,  in  consequence  of  my  for* 
^<  tmmte  observation  of  what  happens  in  its  formation  and 
^  condensation,  has  contributed  in  no  inconsid^fable  d^ 
^<  gree.to  the  public  good,  by  tn^esting  to  my  friend  Mr 
^<  Watt  of  Birmingham,  then  of  Glasgow,  his  impiove- 
^<  ment  on  this  useful  engine^''  (meaniqg  the  steam^en^ne^ 
of  which  he  is  then  speaking).    There  cAn  be  no  doubt» 
from  what  foUows  in  hia  description  of  the  eiigtne^  and 
from  the  very  honourable  mention  which  he  has  made  <^ 
me  in  various  parts  of  his  Lectures,  that  he  did  not  mean 
to  lessen  any  merit  that  might  attaph  to  me  as  an  inventor; 
but^  on  the  contrary^  he  always  was  disposed  to  give 
me  fiilly  as  much  praise  as  X  deserved.    And  were  that 
otherwise  doubtful,  it  would^  I  think,  be  evident  from  the 
following  quotation  from  a  letter  of  his  to  mcb  dated  ISik 
Februafy,  ]78S,  where^  speaking  of  en  intended  puhBcar 
tion  by  a  friend  of  mine  on  subjects  connected  with  the 
history  of  steam,  he  says,  <<  I  think  it  is  very  proper  for 
'<  you  to  give  him  a  short  account  of  your  discoveries  and 
^*  speculations,  and  particularly  to  amrt  ckarly  and  ftdfy 


*  RspaalAd  more  in  detail^  (with  the  sane  erroneous  infereoces^  in  his 
note,  vol.  I.  p.  504. 
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^jfiV  wf^  tigfd  to  the  hono^r  of  thi  improo^im9¥  <if  the 
<^  Steam^E^gim;^*  and  in  a  written  testimooial  which  he 
yeiy  kindly  gave  on  the  occasion  of  a  trial  at  law  against 
a  pinM7  of  my  invention  in  179S-7f  ^^^  g^^i^g  &  ^>*t 
aoooont  of  the  inyentipn^  he  adds^  <<  Mr  Watt  fgfofi  the  $ok 
''  uueniar  of  the  ay^iM  wg[nroo^n^ef9t  mi  contrhtmce  abo9c 

Under  this  cm^ictiop  of  h|s  candour  and  friendsbip»  it 
is  very  painful  to  me  to  controvca't  any  as^rtion  or  opinion 
of  my  rerered  friend ;  yet  in  the  present  case  I  find  it  ne* 
cessary  to  say^  that  h^  lypears  to  me  to  have  &llea  into  an 
error,  and  I  hqpet  in  addition  to  my  assertion,  to  make 
that  appw^  by  the  short  bistc^  1  ha?e  given  of  my  inven* 
tion  in  my  notes  pppn  Dr  Robisom's  essay,  as  well  as  by 
the  foUowing  accpunt  of  the  state  of  my  knowledge  previons 
to  pij  receiving  any  explanation  of  the  doctrine  dt  Latent 
Heat,  and  oho  from  that  of  the  facts  which  principal^ 
goided  me  in  the  invention. 

It  was  known  very  long  before  my  tim^  that  steam  was 
condensed  by  coming  into  ccmtact  with  cold  bodies,  and 
that  it  rommnnicat'»d  heat  to  them.  Witness  the  commoii 
stiU,&c^. 

It  was  known  by  some  eqwriments  of  Dr  Cullbn,  and 
ethers,  that  water  and  othf  r  liquids  boiled  in  vacuo  at  veiy 
low  heats;  water  belov  100^* 

It  waa  klPOwu  to  some  philosophers,  that  the  capadty  or 
^quilibrimn  of  baat,  as  we  then  aiUcd  it,  was  much  smaller 
in  mercmy  and  tin  than  in  water. 

It  was  also  knovns,  that  eviqKuration  caused  the  OMdtBg 
ef  the  evaporating  liquid,  and  bodies  in  contact  with  it. 

'l  had  myself  made  experiments  to  determine  the  foik>w« 
isv^ts* 

Uft  The  papaeities  for.  heal  of  iron,  ccqiper,  and  some 
sorts  of  w^pd,  comparatively  with  water.  Similar  experi* 
ments  had  alpb  snbsf  qjsootly  been  made  by  Dr  InviKX,  on 
these  and  other  metals* 
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vifi 

^  The  bulk  of  iteam  was  compared  with  that  of  water. 

Sd^  The  quantity  of  water  which  could  be  evaporated  in 
a  certain  boiler  by  a  pound  of  coals. 

Mh^  The  elasticities  of  steam  at  various  temperatures 
greater  than  that  of  boiling  water,  and  an  approximation 
to  the  law  which  it  followed  at  other  temperatures. 

bih^  How  much  water,  in  the  form  of  steam^  was  requi- 
red every  stroke  by  a  small  Newcomen'8  engine,  with  a 
wooden  cylinder  six  inches  diameter^  and  twelve  inches  long 
in  the  stroke. 

6/A,  I  had  measured  the  quantity  of  cold  water  required 
ia  every  stroke  to  condense  the  steam  in  that  cylinder,  so 
as  to  give  it  a  working  power  of  about  7  lb.  on  the  inch. 

Here  I  was  at  a  loss  to  understand  how  so  much  cold 
water  could  be  heated  so  much  by  so  small  a  quantity  in  the 
form  oflsteam,  and  applied  to  Dr  Black,  as  is  related  in 
the  short  history,  p.  116,  Note,  and  then  first  understood 
what  was  called  Latent  Heat. 

Bat  this  theory,  though  useful  in  determining  the  quan<^ 
tity  of  injection  necessary  where  the  quantity  of  water  eva- 
porated by  the  boiler,  and  used  by  the  cylinder^  was  known, 
and  in  determining,  by  the  quantity  and  heat  of  the  hot  wa- 
ter emitted  by  Newcomem's  engines,  the  quantity  of  steam 
required  to  work  them,  did  not  lead  to  the  improvements  I 
afterwards  made  in  the  engine.  These  improvements  pro- 
ceeded upon  the  old«estabb*shed  fact,  that  steam  was  con- 
densed by  the  contact  of  cold  bodies^  and  the  later  known 
one^  that  water  boiled  in  vacuo  at  heats  below  100%  and 
>,  consequently  that  a  vacuum  could  not  be  obtained  unless 
the  cylinder  and  its  contents  were  cooled  every  stroke  to 
bebw  that  heat. 

These,  and  the  degree  of  knowledge  I  possessed  of  the 
dasticities  of  steam  at  various  heats,  were  the  principal 
things  it  was  nuewiry  for  me  to  consider  in  contriving  the 
liew  engine.    Tl|ey  pointed  out  that,  to  avoid  useless  con? 
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the  Tend  in  which  the  steilin  acted  npon  tbepit- 
t0Q  ought  always  to  be  as  hot  as  the  steam  itself;  that  to 
<Aitain  a  proper  degree  of  exhaustion,  the  steam  mittt  be 
condensed  in  a  separate  vessel^  which  might  be  cooled  to  as 
low  a  degree  as  was  necessary,  without  affecting  the  cylin- 
der;  and  that  as  the  air  and  condensed  water  could  not  be 
Uown  <Mit  by  the  steam  as  in  Ncwcomen%  they  must  be 
extracted  by  a  pump,  or  some  other  contrivance ;  that,  in 
order  to  prevent  the  necessity  of  using  water  to  keep  the 
piston  air-tight,  and  also  to  prevent  the  air  from  cooling 
the  qrlinder  during  the  deicent  of  the  piston,  it  was  neces- 
sary to  employ  steam  to  act  upon  the  piston  in  place  of  the 
atmoq>here.  Lastly,  to  prevent  the  cylinder  from  being 
cooled  by  the  external  air,  it  was  proper  to  inclose  it  in  a 
case  containing  steam,  and  again  fo  inclose  that  in  a  case  of 
wood,  or  of  some  other  substance  which  transmitted  heat 
slowly. 

Although  Dr  Black's  theory  of  latent  heat  did  not  mig- 
gat  my  improvements  on  the  steam-engine,  yet  the  know- 
ledge upon  various  subjects  which  he  was  pleased  to  com- 
municate to  me^  and  the  correct  modes  of  reasoning,  and 
of  making  experiments  of  which  he  set  me  the  example^ 
certainly  conduced  very  much  to  &cilitate  the  progress  of 
my  inventions ;  and  I  still  remember  with  respect  and  gra- 
titude the  notice  he  was  pleased  to  take  of  me  when  I  very 
little  merited  it,  and  which  continued  throughout  his  life. 

To  Dr  RoBisoK  I  am  also  bound  to  acknowledge  my  ob- 
ligations for  very  much  information  and  occasional  assist- 
ance in  my  pursuits,  and  above  all,  ibr  his  friendship, 
which  ended  only  with  his  life ;  a  friendship  which  induced 
him,  when  I  was  beset  with  an  host  of  foes,  to  come  to  Lon- 
don in  the  depth  of  winter,  and  appear  as  a  witness  for  oie 
in  a  coart  of  justice,  whilst  labouring  under  an  excessively 
painfiil  disorder,  which  ultimately  deprived  him  of  life*  To 
the  remembrance  of  that  friendship  is  principally  owing  my 
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ttking  upon  myidf  the  office  of  his  oommentaior  atmyad- 
Taooed  age. 

Maj  I  request,  sir,  that  you  and  the  public  will  permit 
that  age  to  be  ttiy  excuse  for  any  errorB  I  may  haire  cchh- 
nftitredy  aiid  for  atiy  deficiencies  in  the  performance  of  an 
otece  which  at  no  period  would  have  been  congenial  to  my 
habitb ;  and  allow  me  to  remain,  with  eateetn^ 

Dear  Siit^ 

Your  most  obedient  humble  servant^ 

JABCES  WATT. 

HfeATaniLD,  May  1814. 
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i.  This  name  marks  that  department  of  physieo-mathfes 
matical  science  which  contains  the  abstract  doctrine  of 
MOTiirG  F0RCB8 ;  that  is;  whatever  necessarily  results  from, 
the  relatidna  of  our  Ideas  of  motion,  and  of  the  immediate 
causes  of  its  production  and  changes. 

2.  All  changes  of  motion  are  considered  by  us  as  the  in> 
dications,  the  characteristics,  and  the  measures  of  chang- 
bg  causes.  This  is  a  physital  law  of  htimaa  thought^ 
and  therefore  a  principle  to  which  we  may  refer,  and 
from  which  we  must  derive  all  our  knowledge  of  those 
causes.  When  We  appeal  to  our  own  thoughts  ot  feeU 
ings,  we  do  not  find  in  ourselves  any  disposition  to  refer 
mere  existence  to  any  causey  ^although  the  beginning  of 
Existence  certainly  pnxhiees  this  reference  in  an  instant. 
Had  we  always  observed  jthe  unlvet*se  in  motion^  it  does 
notnppear  that  we  should  have  ascribed  it  to  a  cause,  till 
the  observation  of  relative  rest,  or  something  leading  to 
it,  had  enabled  us  to  separate,  by  abstraction,  the  notion 
of  matter  from  that  of  motion.  We  might  then  perceive, 
that  rest  is  not  incompatible  with  matter ;  and  we  might 
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eren  observe,  bj  means  of  relative  motions,  that  absolute 
rest  might  be  produced  by  the  conccfurse  of  equal  and  op- 
posite motions.  But  all  this  requires  reflection  and  rea- 
soning ;  whereas  we  are  now  speaking  of  the  first  sugges- 
tions of  our  minds. 

3.  We  cannot  have  anj  notion  of  motion  tfi  ab$tracto^ 
without  considering  it  as  a  state  or  condition  of  existence, 
which  would  romain,  If  Mt  l^haytei  hj  feome  cause.  It 
is  from  changes  alone,  therefore,  that  we  infer  any  agency 
in  nature;  and  it  is  in  these  that  we  are  to  find  all  that 
we  know  of  their  causes. 

4.  When  we  look  around  us,  we  cannot  but  observe, 
that  the  motions  of  bodies  have,  in  most  cases,  if  not  al- 
ways, some  relation  to  the  situation,  the  distance,  and  the 
discriminating  qualities  of  other  bodies.  The  motions  of 
the  moon  have  a  palpable  relation  to  the  earth ;  the  mo- 
iiOfiB  %f  ^Cbe  tides  4iave  as  ^evident  a  r^lcMtlNi  to  the  »oon ; 
ttie  MiMwiiss  jof  ti  fieoe  «f  inen  ktt^e  «i  ps(ip«ble  dependeace 
im  «iimgMt  l^be  vidnhy  «f  the  ^me  S001M  ^  be  tke 
WfoBmm^  «t  ledst,  •fif  the  Bidtia»s<if  «he><ftlMr.  Themwes 
of  these  motions  hav^  «n  evident  «oBneoti#B  wldi  <ir  ife- 
^mi^noe  4Mi  fjhe  'Cflher  Im&y.  Wa  -are  wen  disp^sei  to 
iow^e,  tiM  tbeif  mt  kitevewt  in  Atft  ibody,  aad  dud  it 
fomMms  wrUCMi  qualMfes  ^WbUh  $re  th^  causes  of  tbose  mo- 
idifictftiiHib  tff  notion  <iA  «ther  bodiias.  These  «erve  to  dia- 
^Bttguisii  stNtie  b€«iieslfrom  'Othens,  and  may  idier^re  'be 
^cattei^nioimniiES-;  and,  sisee  tiM  «ondititm  ^  otiwrbo- 
idifes  se>0iridwrty  depends  4ftk  tbem,  these  properties  'exyren 
mei^jr  imttMstifig  relflHions  of  tiodiei.  %iid  «re  clAeOf  «t- 
40ii40d  teia  %be  «BUimriition  ^  4be  ^ironmstanees  whidk 
Wberlain  wdMC^we  otil  the  naikn  ttf  any  iMtig.  We  do 
mettttMiM  to  'say,  Irtiit  Ikmse  ^iitfereneei  4ire  alwvys  just;; 
Qiay,  <w«4cilow  thm,  tnMiy  <4rf  fbem  we  iH^CMindad :  hdt 
they  ase  reil,  mtrii  «hey  0erve  ifbundaalUy  far  nrfbnwing-M 
^at  we  mmy  eitfMt  from  afiy  prop««ed  aiteetionef  ^tlHiigs. 
It  is«ttoiighfor  i«6  to  kAo^,  ^dMt  ffym  «  piece  ^  iron  is 
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m  moA  so  ntoated  in  rehlion  to  ft  flugtiet,  it  will  nove  Id 
ftoertftin  maniier* 

TUs  mvlQal  idalion  of  bodies  is  differently  considered, 
sccording  to  the  interest  tkst  we  chance  to  take  in  the 
pheBomenon.  The  cause  of  Uie  i^proach  of  the  iron  to  a 
Biagnei  is  geBerallj  ascribed  to  the  magnet,  which  is  said 
to  attract  the  inw,  because  we  eommody  esaploj  the  Mag- 
act  in  order  thai  these  motSoas  aiay  take  place*  The  si* 
Bular  approacli  of  a  stoae  to  the  earth  is  ascribed  to  the 
stone,  And  w«  asjr  that  it  tcads  to  the  earth.  In  all  priK 
faahslity,  the  prooedure  of  aatare  is  the  same  in  both ;  for 
they  are  ohscrred,  in  every  instaace,  to  be  mutSMd  between 
the  related  bodies^  As  iroa  approaches  a  aiagaet,  so  the 
asBgaet  apptoaehes  the  iroa.  The  same  thing  is  observed 
IB  die  9Bots8iis4if  electrified  bodies ;  also  in  the  case  of  the 
stone  and  the  earth.  Therefore  the  cause  of  the  motions 
may  be  conceieed  as  inhereat  in  either,  or  in  both. 

The  qaalities  thaa  inherent  in  bodies,  constituting  their 
asechanical  rektioB%  have  been  called  the  MKCHAirtcAL  asw 
numosis  of  MATraa.  Bat  they  are  more  ooatmonly  nam* 
«d  PowBBs  or  Foacas  ;  and  ^  event  which  indicates  their 
preseaoe,  is  considered  as  the  effect  and  mark  of  their 
agency.  The  laagnet  is  said  to  act  on  the  iron,  the  earth 
is  said  to  act  on  the  stoae ;  and  th^  iron  and  the  stone  are 
and  to  AC*  on  the  magnet'and  on  the  earth. 

Ail  this  is  figmttvc  or  metaphorical  langnage.   Alllan^ 

gaages  have  faegua  srith  social  uaion,  and  have  improved 

alottg  with  it*    The  first  eollections  of  words  expressed 

the  most  fiamiljar  and  the  most  interesting  notions.     In 

the  process  of  social  improvement,  the  namber  of  words 

did  not  iocfease  in  the  ssme  proportion  with  the  notions 

that  iMooatoe  iatorestiag  and  familiar  in  their  turn :  for  it 

ofiea  happened  Chat  relations  of  certain  ideas  so  much  re- 

senided  the  relations  of  certain  ether  ideas,  that  the  word 

expnamg  ontt  of  them  served  very  well  for  expressing  the 

eiber;  kecMiM  the  dissiniQar  circumstances  of  llie  tw^ 
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cases  prevented  all  chance  of  mistake.  Thus  we  are  said 
to  tumumnt  a  difficulty,  without  attaching  to  the  word  the 
notion  of  getting  over  a  steep  hill.  Languages  are  thus 
filled  with  figurative  expressions. 

5.  PowBA,  Force,  and  Action,  are  words  which  must 
have  appeared  in  the  language  of  the  most  simple  people ; 
because  the^notions  of  personal  ability,  strength^  and  ex- 
ertion, are  at  once  the  most  familiar  and  the. most  inter- 
esting that  can  have  a  place  in  the  human  mind.  These 
terms,  when,  used  in  their  pure,  primitive  sense,  express 
4he  notions  of  the  power,  force,  and  action  of  a  sentient, 
aetive^  being.  Such  a  being  only  is  an  agent  The  ex- 
ertion of  his  power  or  force  is'(exc}usiveljr)  action :  But 
the  relation  of  cause  and  effect  so  much  resembles  in  ^its 
results  the  relation  between  this  force  and  the  work  per- 
formed, that  the  same  term  maj  be  verj  intelligiblj  em- 
ployed, for  both.  Perhaps  the  only  case  of  pure  unfigu* 
rative  action  is  that  of  the  mind  on  the  body.  But  as  this 
is  always  with  the  design  of  producing  some  change  on 
£Xtemal  bodies^  we  think  only  of  them ;  the  instrument 
<9r  tool  is  overlooked,  and  we  say  that  we  act  on  the  ex- 
ternal body.  Our  real  action,  therefore,  is  but  the  first 
movement  in  a  long  train  of  successive  events,  and  is  but 
the  remote  cause  of  the  interesting  event.  The  resem- 
blance to  such,  actions  is  very  strong  indeed  in  many  cases 
.of  mechanical  phenomena.  A  man  throws  a  ball  by  the 
motion  of  his  arm.  A  spring  impels  a  ball  in  the  same 
manner  by  unbending.  These  two  events  resemble  each 
other  in  every  circumstance  but  the  action  of  the  mind  on 
the  corporeal  organ—the  rest  of  it  is  a  train  of  pure  me- 
chanism. In  general)  because  the  ultimate  results  of  the 
mutual  influence  of  bodies  on  each  other  greatly  resemble 
the  ultimate  results  of  our  actions  on  bodies,  we  have  not 
invented  appropriated  terms,  but  have  contented  ourselves 
with  those  already  employed  for  expressing  our  own  ac- 
tions^ the  exertions  of  our  own  powers  or  forces.    The- 
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nbtioo  of  ph jsical  cau^  and  effect  is  ezprensed  metapho* 
ricallj  in  the  words,  which  belong  properly  to  the  relation 
of  agent  and  action.  This  has  been  attended  by  the  usual 
oonaequences  of  poverty  of  language,  namely,,  ambiguity, 
and  sometimes  mistake,  both  in  our  i^eflections  (which  are 
generally  carried  oh  by  mental  discourse),  our  reasonings, 
and  our  conclusions.  It  is  necessary  to  be  on  our  guard 
agunst  such  mistakes;  for  they  frequently  amount  to  the 
confounding  of  things  totally  different  Many  philofo- 
phers  of  great  reputation,  on  no  better  foundation  than 
this  metaphorical  language,  have  confounded  the  relations 
of  activity  and  of  causation,  and  even  denied  that  there  is 
any  difference ;  and  they  have  affirmed,  that  there  is  the 
same  invariable  relation  between  the  determinations  of  the 
will  and  the  uducements  that  prompt  them,  as  there  is 
between  any  physical  power  and  its  effect.  Olfaers  have 
maintdned«  that  the  first  mover  in  the  mechanical  operi^ 
lions,  and  indeed  through  the  whole  train  of  any  complir 
Cated  event,  is  a  percipient  and  intending  principle  in  the 
same  manner  as  in  our  actions.  According  to  these  phi- 
losophers, a  particle  of  gravitating  matter  perceives  its  re- 
lation to  every  other  particle  in  the  universe^  and  deter- 
mines its  own  motion  according  to  fixed  laws,  in  exact 
conformity  to  its  situation.  But  the  language,  and  even 
the  actions  of  all  men,  shew  that  they  have  a  notion  of 
the  relation  of  an  agent  to  the  action,  easily  distinguish- 
able (because  all  distinguish  it)  from  the  relation  betweep 
the  physical  cause  and  its  effect. 

6.  When  we  speak  of  powers  or  forces  as  residing  in  a 
body,  and  the  effect  as  produced  by  their  exertion,  the 
bodj,  considered  as  possessing  the  power,  is  said  to  act 
OD  the  other.  A  magnet  is  said  to  act  on  a  piece  of  iron ; 
a  Uilianl  ball  in  motion  k  said. to  act.  on  one  that  is  hit  by 
ii:  bat  if  we  attempt  to  fix  our  attention  on  this  action, 
9B  distinct  both  from  the  agent  and  the  thing  acted  on,  we 
find  no  object  of  contemplation—the  exertion  or  procedure 
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cf  nature  lo  produciiig  the  effect  does  not  eome  under  out 
tiew.  When  we  ipeolr  of  the  action  as  distbiet  from  the 
agent,  we  find  that  it  is  not  the  action,  properly  speakings 
but  the  act,  that  we  speak  of.  In  like  manner,  the  action 
of  a  mechanical  power  can  be  conceired  only  in  the  effect 
produced. 

7.  A  man  is  not  said  to  act  unless  he  produces  some 
effect.  Thought  is  the  act  of  the  thinking  principle ; 
m^^tibn  of  the  limb  is  the  act  of  the  mind  on  it  In  me- 
chanics, also,  there  is  action  only  in  so  far  as  there  is  me* 
chanical  effect  produced.  I  must  act  violently  in  order  to 
begin  motion  on  a  slide :  I  must  exert  force,  and  this  force 
exerted  produces  motion.  I  conceive  the  production  of 
motion,  in  all  cases,  as  the  exertion  of  force ;  but  it  re- 
quires no  exertion  to  continue  the  motion  along  the  slide ; 
I  am  conscious  of  none,  therefore  I  ought  to  infer  that  no 
"force  is  necessary  for  the  continuation  of  any  motion.  The 
continuation  of  motion  is  not  the  production  of  any  new 
effect,  but  the  permanency  of  an  eiftet  already  produced. 
We  indeed  consider  motion  as  the  effect  of  an  action ;  but 
there  would  be  no  cAect  if  the  body  were  not  moving. 
Motfon  is  not  the  action,  but  the  efl%ct  of  the  action. 

8.  Mechanical  actions  have  been  usually  daased  under 
two  heads  :  they  are  either  Prbssurbs  or  Impulsions. 
They  are  generally  considered  as  of  different  kinds ;  the 
exertions  of  different  powers.  Pnassvax  is  su]^sed  to 
differ  essentially  from  Impvlsb. 

Instead  of  attempting  to  define,  or  describe,  these  two 
kinds  of  forces  and  actions,  we  shall  just  mention  some 
instances.  This  will  give  us  all  the  knowledge  of  their 
distinctions  that  we  can  acquire. 

When  a  hall  lies  on  a  table,  and  I  press  it  gently  on  one 
side,  it  moves  toward  the  other  side  of  the  table.  If  I 
follow  it  with  my  finger,  continuing  my  presswe,  tt  ac- 
celerates continually  in  its  motion.  In  like  manner,  when 
I  press  on  the  handle  of  a  common  kitchen  Jack,  the  fly 


Digitized  by  VjOOQIC 


lYHAJMN* 


kwdk^  Um  fly  iMilwilMi  09iiMUMUr,.M4  in$ji  b^hioiiglil 
ialo  a  alialct  of  t^i^  ityU  bmAipii.  Thne  vt^feiMf  avo  Ui# 
cAdtt  ^  spMiM  iMmnMe.  Tte  Wl  wouM  h»  «4rgt4 
nio»g  tk»  Ufcle  in  Uie  «Mi»  mmiT,  Md  viU»  •  m^tifm 
cCTtinwnlly  nwdtwtoj^  bji  U^  mtemlMif  «£  %  v^"**^ 
Akos  a  >9nv  cQiM  iif»  rM»d  tj^  nk  of  the  handle  of 
tiha  >i^  woakU  by  in^oBinf  HmII^  ars»  roiwl  tbo  fly 
wi&  a  hmUoa  ancdtratuic  m  the  aama  way.  Tbe  loofft 
I  roOeci  om  the  prcfltwe  of  ny  fiagiw  oo  the  haU».  tmA 
nnm^uw^  i4  mtb  Ui»  tffiMH  of  Um»  apraig  oo^il^  thoioofio 
deafly  d»  I  lae  U^  pwkfii  BimUarily ;.  aod  I  call  tbati 
intoiMMW,  OMrtiaii^  or  afttioot^  hy  oae  naaio^.  fwawas, 
lakea  ftoBii  the  o&oft  fwwliiir  iortaaoe-  of  theuu. 

Again,  Ike  iwy  a§9m  oioiwi.  moy  bo  fcodiioad  ia  Ibo 

ball  ar  %,  by  poUiaf  tiio  bidL  or  ibe  ma^biae  by  aieaiif 

«f  a  tibK^  to  vhidk  a  .vr^gbi  19  mMfwML    Aa  botb 

a«e  OMtiaM  aroakrotad  m  iba  aaoif  aMao#r»  I  catt  the 

infloaioe  or  action  of  ib^  th^aad  oa  the  ball  ov  laarWaa  by 

die  flame  aaoie  P aaaiuiui,  and  Woao's  ia  QQB3ideK«d  m  a 

fgemkkgpommtr    Iivfeed^libflUeaaaie9oni|]nai#ioiiipom 

tke  leal  prasaafe  of  a  mm  ooavy  shoaUertt  lhat;]r  would 

feal  frooft  a  load  bid  o«  tbtoi.    But  the  wa^  in  qair  escr 

aaapkbacTtiaif  by  Ibeia4erreiitia»af  tbetbreadL    By  Ha 

profliwnc»  it  ia  fMiUing  at  thai  pairt  of  tfio  throidi  to  wbkh 

it  ia  faatoaed ;  Ihia  pan  ia  puUing  «t  tb^  at iit  by  maopa  of 

Ifce  Ibrae  of  cohaaioa;  aod  tbia  p«ilfe  at  a.  thicd^  aa4  90 

aa,  till  tJbe  wmmk  reaaoto  paUa  at  tba  ball  or  tbe  aoaabftaai 

Tbua  nmjr  ^eallcity>  woigbtt  aohasftoo>  aed  otbai  i^ftn^ 

jMrfbraa  the  •fiae  of  a  gaaiijet  power ;  aad  aiacelhairre^ 

mk  h  alwajie  a  naatioti  bei^aiwef  froa^  oatUo^  aMd.  ae» 

tdewm^agi  ^  peMaptiUe  dagcaaa  to  any  Tohciily,  Ibia  ra» 

naJJaiMM^  makea  aa  call  tbeia  by  aoe  famiiar  naaaa. 

But  AriiBery  I  see  tbal  if  ^a  IhraaA  be  cut»  the  wai|*ht  wiM 
^fl.  ff ieJ^  mn  acoefefaled  motioo^  whiah  wiH  bcrtaae  ta  any 
it  tbe  belief  tiw  fall  be  goaat  aaoo^  I  aacriba 
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tbifl  also  to  a  {uresamg  power  acting  on  the  weight.  Naj, 
ftfter  a  very  little  refinement,  I  consider  this  power  as  the 
causeof  the  body^s  weight-;  which  word  is  but  a  distinguish- 
ing name  for  this  particular  instance  of  pressing  power. 
Gravitation  is  therefore  added  <o  the  list  of  pressures ; 
and,  for  similar  reasons,  the  attractions  and  repulsions  of 
magnets  or  electric  bodies  may  be  added  to  the  list ;  for 
ihey  produce  actual  compressions  of  bodies  placed  between 
them,  and  they  produce  motions  gradually  accelerated^ 
precisely  as  gravitation  does.  Therrfore  all  these  powers 
Imay  be  distinguished  by  this  descriptive  name  pressures^ 
which,  in  strict  language,  belongs  to  one  of  them  only. 

Several  writers,  however,  subdivide  this  great  class  into 
pressions  and  solicitations.  Gravity  is  a  soUcitation  ah 
extra^  by  which  a  body  is  urged  downward.  In  like  man- 
ner, the  forces  of  magnetism  and  electricity,  apd  a  vast 
Variety  of  other  attractions  and  repulsions,  are  called  so- 
.  KcUaiwns.  We  see  little  use  for  this  distinction,  and  the 
term  is  too  like  an  alTection  of  mind. 

9.  Impulsio;v  is  exhibited  when  a  ball  in  motion  puts 
another  ball  into  motion  by  hitting,  or  (to  speak  metapho- 
rically) by  striking  it.  The  appearances  here  are  very  dif* 
ferent.  The  body  that  is  struck  acquires,  in  the  instant 
of  impulse,  a  sensible  quantity  of  motion,  and  sometimes 
a  very  rapid  motion.  This  motion  is  neither  accelerated 
nor  retarded  after  the  stroke,  unless  it  be  affected  by  some 
other  force.  It  is  also  remarked,  that  the  rapidity  of  the 
motion  depends,  tnler  o/ta,  on  the  previous  velocity  of  the 
striking  body.  For  instance,  if  a  clay  b^ll,  moving  with  any 
velocity,  strike  another  equal  ballwhich  is  at  rest,  the  struck 
ball  moves  with  half  the  velocity  of  the  other.  And  it  is 
farther  remarkable,  that  the  striking  body  always  loses  as 
much  motion  as  the  struck  body  gains.  This  universal 
and  remarkable  fact  seems  to  have  given  rise  to  a  confused 
or  indistinct  notion  of  a  sort  of  transference  of  motion 
from  one  body  to  another.     The  phraseology  inr  genfural . 
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use  cm  this  subject  expresses  this  in  the  most  precise  termsL 
The  one  baD  is  not  said  to  cause  or  produce  motion  in  th» 
4ither,  but  to  cammmdaUt  motion  to  it ;  and  the  whole 
'phenomenon  is  called  the  comMutneaium  of  mofton.  We  . 
call  this  an  indUiinci  notion;  for  surely  no  one  will  saj  that 
he  has  a  clear  conception  of  it.  We  can  form  the  most 
distinct  notion  of  the  communication  of  heat,  <»r  of  the 
cause  of  heat ;  of  the  communication  of  saltness,  sweet- 
ness, and  a  thousand  other  tk\ng% ;  but  we  cannot  conceire 
how  part  of  «that  id^itical  motion  which  was  formerly  ill 
A,  is  now  infused  into.B,  being  given  up  by  A,  It  is  in 
our  attempt  to  form  this  notion  that  we  find  that  motioii 
is  not  a  <Atfi^,  not  a  substance  which  can  exist  indq>end- 
ently,  and  is  susceptible  of  actual  transference.  It  apr 
pears  in  this  case  to  be  a  state,  or  condition,  or  mode  of 
existence,  of  which  bodies  are  susceptible,  which  is  pro- 
ducible, or  (to  speak  without  metaphor)  caurable,  in  bo«> 
dies,  and  which  is  the  effect  and  characUfistic  of  certain 
natural  qualities,  properties,  or  powers.  We  are  anxious 
to  have  our  readers  impressed  with  cleitr  and  precise  no*- 
tions  on  this  subject,  being  confident  that  such,  and  only 
such,  will  carry  them  through  some  intricate  paths  of 
mechanical  and  philosophical  research. 

10.  The  remarkable  circumstance  in  this  phenomenon 
is,  diat  a  rapid  motion,  which  requires  for  the  effecting 
it  the  action  of  a  pressing  power,  continued  for  a  sensible, 
and  frequently  a  long  time,  seems  to  be  effected  in  an  in*, 
stant  by  impulsion.  This  has  tended  much  to  support  the 
notion  of  the  actual  transference  of  something  formerly 
possessed  exclusively  by  the  striking  body,  inhering  in  it, 
'but  separable,  and  now  transfused,  into  the  body  stricken. 
And  now  room  is  found  for  the  employment  of  metaphor, 
both  in  thought  and  language.  The  Miriking  body  afiects 
the  body  which  it  thus  impels :  It  therefore  possesses  the 
power  of  impulsion,  that  is,  of  communicating  motion.  It 
possesses  it  only  while  it  is  in  motion.    This  pother,  there* 
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§m,  i$  the  eficieat  dkitiiigiiMUiig  csvm  of  iii 
«ftd  ita  oiiljr  office  rnusi  be  tiM  conlttDiiation  of  this  awlioji. 
It  i&  thet f  fwe  ctUed  the  imisitmT  vottcs,  tht  force  mhe- 
feat  in  a  iii»vi»g  lK>dy»  ▼«»  whta  air^pdri  «m#o«  Tliis  fenee 
ia  traMfna^d  iato  tie  body  impelled;  endtfar^fine  tke 
tnA^fitfeoee  is  imUn^neettB,  and  the  ioapeUed  bodjr  ceia- 
tinues  its  motion  till  it  is  ebimged  hjr  aame  e^r  action. 
AU  tkia  is  ttt  first  s^bt  veey  plausible ;  but  a  sciopulotts 
•ttttttion  to  those  fediags  whicfa  hare  girea  rise  to  this 
metapherieal  eenceptioa,  sboiild  bave  pjroduotd  tcc j  dii- 
ftrent  notioiui  t  am  eonscioas  of  excatiaa  in  order  to  b^ 
gia  motion  oft  a  slide;  but  if  the  ice  be  rery  smooth,  I 
am  ooBScioiis  of  ao  exertioa  ia  order  to  slide  alODg.  M  j 
power  is  felt  only  while  I  am  conscious,  of  exerting  it: 
Therefore  I  hare  no  primitive  feebag  or  nation  ot  power 
while  I  am  sliding  alang,  I  am  certain,  that  no  exevtiea 
of  power  is  aecessar J  here.  Naj,  I  &ai  that  I  canaot 
think  of  my  moviag  forward  withoat  effort  otherwise  than 
as  a  certaia  mode  of  my  etisteace.  Yet  we  imagiae  that 
tiM  partisans  of  this  epiaion  did  reaUj  deduce  it  ia  some 
rittpe  irom  their  feelings.  We  must  continue  the  ssMrtma 
of  walking  ia  order  to  walk  on ;  our  power^  of  walking 
must  be  continually  exerted,  otherwise  we  shall  stop.  But 
this  ia  a  very  iaiperfect,  incomplete,  and  careless  observa- 
ticn.  Walking  is  much  more  than  mere  coatiauance  ia 
j^gressive  motion.  It  is  a  coatiaaally  repeated  lifting 
.  our  body  up  a  small  height,  and  allowing  it  to  come  dasra 
mgMXu    This  renewed  ascent  requires  repeated  exertisik 

11.  We  hare  other  ohservationa  of  iacqportance  yet  to 
BAake  on  this  force  of  BQu>TiRg  bodies,  but  thia  Is  not  the 
aaost  proper  occasion.  Meanwhile  we  must  remark,  that 
the  instantaneous  prodnetioa  of  rapid  motion  by  impttlse 
has  iaduced  the  first  mechaaiciaQs  of  Europe  ta  maintain, 
that  the  power  or  force  of  impulse  is  unsusceptible  of  any 
comparison  with  a  pressing  power.  They  have  asserted^ 
that  impulse  is  iafinitely  great  when  compared  with  pres* 
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not  iMottectBOf  ifani  they  IwU  them  to  be  tUege 
totelfy  Hiapmnie,  thai  have  do  pivportion  laore  thea 
veiglK  ^mi  tweetaeii.  But  tiKw  gesllenen  are  perpetv- 
a%  csticed  avaj  froa  their  creed  bj  the  umikrhy  of  Uie 
ultimate  results  of  pressure  and  impolse.  No  person  oaa 
find  asjr  diflemce  between  the  iiMitioB  of  two  baBs  nov* 
k^  «l«dl]r  swifk,  ja  the  same  dveetios,  oae  of  which  ie 
bjr  gnmijf  end  the  other  has  deimd  its  mo* 
I  from  a  blow.  This  struggk  of  the  mind  to  maintaia 
ila  faith,  and  yet  accommodate  its  doctrines  to  what  we 
aecy  has  occasioaed  spsae  other  curious  farms  of  express 
aioiL  Pressare  is  considered  as  an  s^brf  to  prodiiee  motion. 
WheBaballliesoBatable,  its  weight,  which  they  call  a 
jpowcr,  eontimiatiy  and  repeatedly  siiJtaeeiirf  (mark  the 
netaphorieaf  word  and  thought)  to  oiove  the  haH  down- 
ward. But  these  efforts  are  mcflectttaL  They  say  that 
thisineflfectualpowerbdSosd,  aadoallit  aTianoaTOA:  but 
the  Ibiee  of  impulsion  is  called  a  tis  viva,  a  Kviag  forces 
But  this  is  Tery  whimsictl  and  Tciy  inaccurate.  If  the 
impeHmg  ball  falls  perpendicufairly  oo  the  other  lying  on 
the  table,  it  will  |mdnce  no  motion  any  mere  than  gnu 
▼ity  will ;  and  if  the  table  be  annihiUted,  gravity  becomes 
a  vis  viwjL 

We  must  now  add,  that,  in  order  to  prove  that  impulse 

is  infinitely  greater  than  pressure,  these  mechanicians  turn 

<Mir  Attention  to  many  familiar  fscts  which  plead  strongly 

in  their  favour.    A  carpenter  will  drive  a  nail  into  a  board 

with  a  verf  moderate  bbw  of  his  hanmier.    This  will.re* 

quire  a  preasm«  which  seems  many  hundred  times  greater 

than  the  impelling  efibrt  of  the  carpenter.    A  very  mode« 

rate  blow  will  shiver  into  pieces  a  diamond  which  would 

carry  the  weight  of  a  mountain.     Seeing  this  prodigious 

soperiority  in  the  unpulse,  how  shell  they  account  for  the 

produetioo  ot  motion  by  means  of  pressure?  for  this  mo* 

f  joo  of  the  haDini«r  might  have  been  acquired  by  its  fall* 

ing  from  n  height ;  pay,  it  is  actually  acquired  by  meani 
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•f  tlie  Hrihi  wbidb  impcb  %&  todiel  m  Ikm  p^^pmikvidc 
to  ibe  tufflmce ;  and  ao^m  wkh  tieg«^4o  oth^  lite  pheao* 
iaiena.  These  motrau  an  thus  reduced  to  v«ry  fimple  cues 
if  iKipubiM. 

It  J8  unneceasary  to  teiiiie  tbia  doctme  at  present ;  it  iM 
Mough  thaft  at  is  ooBtraiy  to  ati  ike  dktaEtei  of  cmntnoil 
sease^.  to  ^p9«  bm  agent  tfast  «r«  do  net  aee^  and  for 
whose  €9Qi8ltaee  ire  Ihaiw  !tiot  l&e  Mnatteat  argument ;  vritk 
eqjiod  pra|H*ietf  we  mighi  aiqipote  asintstering  spirits,  dr 
any  thiajg  diat  me  pleaae. 

13.  Other  pMtoaopbars  «iie  ao  tfssaiiafied  with  tins  m» 
tioa  of  the  iprodudaon  4tf  pressure,  that  they,  «di  the  other 
haad,  a&rm  that  pressaite  is  the  only  Moviag  farce  in  oa* 
ture ;  not  according  to  the  popular  aatio*  of  pnesaoK,  hy 
the  mutoal  contact  of  soiid  hodf  es«  bat  that  UmA  at  pres« 
auTie  which  has  haen  callsd  asAUMiaa ,-  such  as  the  power 
of  gravity.  They  affiras,  that  there  ia  no  siaeh  tUng  bb 
contact  CO  instantaaeous  coauniMMcatista  ^f  aaotkai  hy  real 
collisian.  They,  aay  .(and  tiiey  ftowe  it  hy  rery  tfoavitt^ 
ing  facts)  that  the  pactiolaa  «rf  aottd  bodice  exert  rery 
strong  rciHilsiaBs  to  a  small  dktanee ;  and  therefore,  whcA 
they  are  brought  hy  laatiaai  aufllciently  awiir  to  aaother 
body,  th^  repel  it^  and  are  equaUy  ji^elied  by  it  Thus 
is  motion  {iroduced  in  ibe  other  body,  and  their  nw*  ma»* 
tion  is  diminished.  And  they  l^a  shew^  by  a  acrupolous 
consideration  of  the  state  of  the  bodies  whib  the  tmew 
advancing  and  the  «ther  retiring,  im  what  osaaaaer  the  tw<# 
bodies  attain  m  conunon  vciocity,  so  that  the  quantity 
of  motion  before  colUsioB  remains  imehanged,  the  one 
body  gaining  as  much  as  the  oliier  loses.  They  also  shew 
cases  of  such  mutual  action  between  bodies,  where  tt  Sa 
evident  that  they  have  never  coaue  toto  contoct ;  and  yet 
the  result  has  been  precisely  siasilar  to  these. eases  whera 
the  motion  lyppeared  to  be  duuiged  m  an  instant.  There^ 
fore  they  conclude,  that  there  is  no  such  thing  as  insto** 
toneous  conuaitaicaa'efi^  or  transfiisiott  of  motion^  hy  co»* 
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iMt  m  cottfliMi  or  itfqNJIsie.  Tbe  rtmm  m^  prmovi 
mmti^n  of  Cbe  iwpelUftg  %#dy  ii  veceMiy,  is  not  Ibiit  it 
gmf  hmv^  «  Mf  Mrito  fcmpmi  tmik^  a  fdvee  nlierenft  in  it  ^ 
its  km;  Ml  motumj  but  that  it  nay  costimw  to  foHow  the 
4ttpdled«Ddv«ltimg  %ody,  and  texeit  «Ait  afunceixihe- 
mt  «a  JNilf,  irketlier  m  iMftioA  or  at  i^st.— AccerdiHg  io 
<tfKae  piiiiwiHilwH,  ttieMfiire,  all  WMvfmg  fonces  are  of  Itial 
kmi  yAiA  ikai  teen  aaMtd  ^Moikiiim ;  aaeh  as  grmtf  . 
We  '■ball  kmm  ik  aitaEVWik  bj  «be  Move  (aaaiKar  md  de- 
4Bri^«e  aamr  of  ▲coat.MtAraiG  or  RiA*jMionro  Ibree. 
14k  Tke  oaaeptiom  of  aiediabioal  (oroes  are  di^nentiy 
,  aooBvdkig  to  Ckie  refemooe  ihtlt  we  tBa%:«  to  Ait 
tly  in  hoBJog  or  wt«8t)tkig>  I  dirike,  or  endeavour 
im^knmmYmukagomiy  I  4an  said  to  acv;  kwtiff  oi4jf- 
<pany  Im  bloov^  or  promM  bim  from  thromng  me,  I  am 
aiud  to  mniao.  .TkiB  diatiodtion  is  apfdied  to  the  exeitioM 
4if  meriianioal  fioivcio.  WIkb  one  body  A  dianges  Che 
anotion  of  aootfaer  B,  wo  may  oomider  the  <:liange  in  the 
votaon  of  U  either  as  the  indieatian  tmd  mefisiire  of  A\ 
fewer  aif  produoing  «iotioB,  or  as  ihe  indication  and  niea»- 
ooreidf  A^s  lonataMe  to  ttie  bemg  broojgfht  lo  rert,  or  bar- 
ia%  its  oaation  •aoy  how  changed.  l%e  distMKlion  is  not 
in  the  thing  9toel^  'but  only  in  Iflie  reference  that  we  are 
<liipoeod,  hf  other  oonaideratioiis,  to  make  of  its  effect. 
Vhey  m^  be  di^aguisbed  in  ihe  fbllowing  fnanner :  If  a 
dwnge  of  UKltaon  foHow  ii4ten  one  df  the  powers  ceases  to 
teoxeffled^  that  powerisxonceiFed  as  having  resisted.  The 
slanguage  on  this  subject  is  metaphoricaL  Resist- 
ofibrt,  endeaiMonr,  be.  «i^  words  which  cannot  be 
omfdoyod  hi  aoeohaniosll  disoossions  without  figure,  because 
4hqr  jdl  ei^press  noti<Nis  which  relate  to  sentient  beings  ; 
nndlbe  un|;narded  indo^genoe  of  this  figuratfre  language 
km  so  ttoch  -ofleoted  die  imagination  of  philosophers,  that 
anany  hnve  alnMSt  animaied  all  matter.  Peibaps  the  word 
JtaaortoK,  iotnadoeed  (wo  think)  by  NewHHi,  is  the  beA 
iean^ir  ^pressing  4hat  lautuail  force  which  is  perceiveA 
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in  all  the  <iperations  of  ttntiure  that  we  havfe  Invest^iated 
with  success.  As  the  nu^net  attracts  iron,  and  in  so  da> 
Ing  is  said  to  aU  on .  it ;  so  the  iron  attracts  the  magnel^ 
and  may  be  said  to  react  qn  it; 

.  15.  With  respect  to  the  difficulty  that  bait  been  object* 
^ed  to,  the  opinion  of  thpse  who  maintiiin  that  all  the  me- 
clianical  phenomena  are  produced  by  the  agency  of  at- 
tracting or  repelling  forces ;  namely,  that  this  supposes 
Jhe  bodies  to.,aet  on  each  other  at  a  dbtance,  however 
small  those  distances  may  be,  which  is  thought  to  be  ab» 
stB*d,  it  may  be  obsenred,  thai  we  may  ascribe  the  mutual 
^proaches  or  recesses  to  tendencies  to  or  from  each  other. 
What  we  call  the  aitrdu^ion  of  the  magnet  may  be  considered 
as  a  tendency  of  the  iron  to  the  magnet,  somewhat  similar 
to  the  graritatiotf  of  a  stone  toward  the  earth.  We  sure- 
ly (at  least  the  unlearned)  can  and  do  conceive  the  iron  to 
be  afifected  by  the  magnet^  witiout  thinking  of  any  interw 
medium.  The  thing  is  not  therefore  iuconceivable ;  wkick 
^  all  that  we  know  about  absurdity :  and  we  do  not  know 
jUiy  thing  about  the  nature  or  essence  of  matter  which 
renders  this  tendency  to  the  magnet  impossible.  That  we 
do  not  see  intuitively  any  reason  why  the  iron  should  ap> 
.proach  the  magnet,  must  be  granted;  but  this  is  not 
enough,  to  entitle  us  to  say^  that  such  a  thing  is  impossible 
or. inconsistent  with  the  nature  of  matter.  It  appears*, 
therefore,  to  be  very  hasty  and  unwarrantable,  to  su|^ 
pose  the  impulse  of  an  invbible  fluid,  of  which  we  know 
nothing,  and  of  the  existence  of  which  we  have  no  proof. 
Nay,  if  it  be  true  that  bodies  do  not  come  into  contact^ 
even  when  one  ball  hits  another^  and  drives  it  before  it, 
this  invisible  fluid  will  not  solve  the  difficulty ;  because 
the  same  difficulty  occurs  in  the  action  of  any  particle  of 
the  fluid  on  the  body.  We  are  obliged  to  say,  that  the 
production  of  motion  without  any  observed  contact,  is  a 
much  more  familiar  phenomenon  than  the  production  of 
notion  by  impulsion.    More  motion  lias  been  produced  is 
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thti  wfty  by  th€  grftvitstioii  of  a  sftiall  ttfe&m  of  wat^, 

nmaiag  ever  since  the  creatioa^  than  bj  all  the  impulses 

ia  the  world  twice  coid    We  do  not  mean  by  this  to  sajr^ 

ihit  the  gtTtng  to  this  obBerved  mntual  reiaiion  between 

iron  and  a  loadstone  the  name  e#idrtiey  makes  it  less  ab-> 

md,  than  when  we  say  that  the  loadstone  attracts  the 

inm;  it  only  makes  it  more  conceivable:    It  suggests  a 

teiy  familiar  analogy :  but  both  are  equally  figurative  eit« 

pressions ;  at  least  as  the  word  tendency  is  used  at  pre* 

feat    In  the  knguage  of  ancient  Rome>  there  was  no 

nttsphor  when  VirgiPs  hero  said^  TeHiimiu$  in  Latium. 

Tadtre  eemw  «ofeai  meanS)  in  plain  Latin,  to  etpprta^ 

fie  Sim.    The  safe  way  of  eonceiviog  the  whole  is  to  say» 

'  that  the  condition  of  the  iron  depends  on  the  yidnity  of 

the  magnet 

10.  When  the  exertions  of  a  mechanical  power  are  ob- 
served to  be  always  directed  toward  a  body,  that  body  is 
said  to  attract ;  but  when  the  other  body  always  morea 
eff  from  it,  it  is  said  to  repel.    These  also  are  metapho-* 
rieal  ezpresnons*    I  attract  a  boat  when  t  pull  it  toward 
me  by  a  rope ;  this  is  purely  ATTaAcrtoN ;  and  it  is  pure^ 
aafigurative  RapvLstoii »  when  I  push  any  body  from  me. 
The  same  Words  are  applied  to  the  mechanical  phenomena, 
Mrdy  beeause  they  resemble  the  results  of  real  attrac* 
tion  or  repukioa.    We  must  be  much  on  our  guard  to 
aroid  metaphor  hi  our  conceptions,  and  never  allow  those 
words  to  soggest  to  our  mind  any  opinion  about  the  man* 
«er  in  whidi  the  mechanical  forces  produce  their  effects. 
It' is  plain,  that  if  the  opinion  of  those  who  maintain 
the  eiistence  and  acti<Hi  of  the  above  mentioned  invisibte 
finid  be  just,  there  is  nothing  like  attraction  or  repulsion 
ia  the  universe.   We  must  always  recur  to  the  simple  phe- 
Aomenon,  tlie  motion  to  or  from  the  attracting  or  repel- 
Ung  body ;  for  this  if  all  we  see,  and  generally  all  that 
We  know. 
17-  We  conoeivo  one  man  to  have  twice  the  strength  of 

VOL,  I.  B 


Digitized  by 


Google 


18  DYNAMICS. 

another  man,  when  we  see  that  he  can  withstand  the  united 
effort  of  two  others.  Thus  animal  force  is  conceived  as 
a  quantity,  made  up  of,  and  measured  by,  its  own  parts. 
But  we  doubt  exceedingly  whether  this  be  an  accuratie 
conception.  We  have  not  a  distinct  notion  of  one  strain 
added  to  another;  though  we  have  of  their  being  joined 
or  combined.  We  want  words  to  express  the  difference 
of  these  two  notions  in  our  own  minds;  but  we  imagine 
that  others  perceive  the  same  difference.  We  Conceive 
clearly  the  addition  of  two  lines  or  of  two  minutes;,  we 
can  conceive  them  apart,  and  perceive  their  boundaries^ 
common  to  both,  where  one  ends  and  the  other  begins. 
We  cannot  conceive  thus  of  two  forces  combined ;  yet  we 
cannot  say,  that  two  equal  forces  are  not  double  of  one  of 
them.  We  measure  them  by  the  effects  which  they  are 
known  to  produce.  Yet  there  are  not  wanting  many  cases 
where  the  action  of  two  men,  equally  strong,  does  not 
produce  a  double  motion, 

^  In  like  manner,  we  conceive  all  mechanical  forces  as 
measurable  by  their  effects ;  and  thus  they  are  made  the 
subjects  of  mathematical  discussion.  We  talk  of  the  pro« 
portions  of  gravity,  magneUsm,  electricity,  &c. ;  nay,  we 
talk  of  the  proportion  of  gravity  to  magnetism  :-^Yet 
these,  considered  in  themselves,  are  disparate,  and  do  not 
ftdmit  of  any  propor/;ion ;  but  they  produce  effects,  some 
of  which  are  measurable,  and  whose  assumed  measures 
are  susceptible  of  comparison,  being  quantities  of  the 
same  kind.  Thus,  one  of  the  effects  of  gravity  is  the 
acceleration  of  motion  in^  a  falling  body ;  magnetism  will 
also  accelerate  the  motion  of  a  piece  of  iron ;  these  two 
accelerations  are  comparable.  But  we  cannot  compare 
magnetism  with  heat ;  because  we  do  npt  know  any  mea* 
surable  effects  of  magnetism  that  are  of  Uie  same  kind 
with  any  effects  of  heat. 

When  we  say,  that  the  gravitation  of  the  moon  is  the 
3600th  part  of  the  gravitation  at  the  sea-shore^  we  mean 
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ttiat  the  fall  of  a  stone  in  a  secoiid  is  3600  times  ^neater 
dian  the  fall  of  the  moon  in  the  same  time.  Bui  we  also 
mean  (and  this  expresses  the  proportion  of  the  tendetuy 
of  gravitation  mote  purely),  that  If  a  stone^  whea  hung 
on  a  spring  steelyardi  draw  out  the  rod  of  the  steelyard 
to  the  mark  S600,  the  same  stone,  taken  up  to  the  dis« 
tance  of  the  moon,  will  draw  it  out  no  further  than  the 
mark  1.  We  also  mean,  that  if  the  stone  at  the  sea* 
diore  draw  oat  the.rod  to  any  itiark,  it  will  require  3600 
such  stones  to  draw  it  otit  to  that  mark,  when  the  trial  im 
made  at  the  distance  of  the  moon;  It  is  Hot,  therefore^ 
in  consequence  of  any  ilnmediate  perception  of  the  pro>- 
portM>n  of  the  gravitation  at  the  moon  td  that  At  the  sur« 
face  of  the  earth  that  we  make  such  an  asisertion ;  but 
tiiese  motions,  Which  we  consider  ^b  Its  efibcts  in  these 
•ituations^  being  magnitudes  of  the  same  kind,  are  sus- 
ceptible df  comparison,  and  have  a  proportion  which  can 
be  ascertained  by  obsenradoit  It  is  these  proportions 
that  we  contemplate;  althobgh  we  speak  of  the  propont* 
lions  of  the  unseen  causes^  the  forces^  or  endeaVours  to  d6> 
scend  It  will  be  of  material  service  to  the  reader  to  per» 
use  Dr  Reid^s  judicious  and  acute  dissertation  on  fMaatt^  in 
the  45th  voltime  of  the  Philosophical  Transaction!;  whei*e^ 
we  trust,  he  will  see  clearly  how  force,  velocity,  density, 
and  many  other  magnitudes  of  very  frequent  occurrence 
in  mlechanical  philosophy,  may  be  madfe  the  subjects  of 
iBathematical  discussion^  by  means  of  some  of  those  pro- 
per quantities^  measurable  by  their  own  parts,  which  are 
to  be  assumed  as  their  measures;  Pressures  are  measur- 
aUe  only  by  pressures;  When  we  consider  them  as  mov- 
ing  powers,  we  should  be  able  to  measure  them  by  cagf 
tnonng  powers, .  otherwiite  we  cannot  compare  them ; 
therefore  it  is  hot  as  pressures  that  we  then  measure  them. 
This  observation  is  momentous. 

One  circumstance  must  be  carefully  attended  to.    That 
those  assumed  measures  may  be  accurate^  they  must  be 
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iBT&riibljr  coim^cted  with  the  nag^itudes  which  they  are 
nofiofti  to  measure^  and  so  connected,  thot  the  degrees 
of  the  one  muit  change  in  the  ftame  manner  with  the  de« 
greet  of  the  othen  Thii  ia  evident,  and  is  granted  bj  all. 
But  we  most  also  know  this  of  the  measure  we  emploj ; 
we  must  see  this  constant  and  precise  relation.  How  can 
we  know  this  ?  We  do  not  perceive  force  as  a  separate 
existence,  so  as  to  see  its  proportions,  and  to  see  that 
these  are  the  same  with  the  proportions  of  the  measures^ 
in  the  same  manner  tfa«t  Euelid  sees  the  proportions  of 
triangles  and  those  of  their  bases>  and  that  these  propor« 
ibns  are  the  same,  when  the  triangles  are  of  equal  ti* 
iitades.  How  do  we  discover  that  to  every  magnitude 
Which  we  ean/opoe  is  invariaMy  attnehed  a  corresponding 
magnitude  of  aceeleratiM  or  deflection  f  Clearly.  In 
fact,  the  very  existence  of  the  force  is  an  inference  that 
we  make  from  the  obsenred  accelerations ;  and  the  de* 
gree  of  the  force  is,  in  like  manner,  an  inference  from 
the  observed  magnitude  of  the  acceleration.  Our  mea^ 
sures  are  therefore  necessarily  connected  with  the  magnU 
tudes  which  they  measure,  and  their  proportions  are  the 
tame  $  b^ause  the  one  is  always  an  infn^ence  fit)m  the 
other,  both  in  species  and  in  degree. 

18.  It  is  now  evident,  that  these  disquisitions  are  sus- 
feeptHile  of  mathematical  accuracy.  Having  selected  our 
measures,  and  observed  certain  mathematical  relations  of 
those  measures,  every  inference  that  we  can  draw  from 
the  mathematical  relations  of  the  proportions  of  those 
representatbns,  is  true  of  the  proportions  of  the  motions, 
and  therefore  of  the  proportions  of  the  forces*  And  thus 
dynamics  becomes  a  demonstrative  science,  one  of  the 
diiciplina  aacaraia, 

19.  But  moving  forces  are  considered  as  diiftring  also 
in  kind ;  that  is,  in  direction.  We  assign  to  the  force 
the  direction  of  the  observed  change  of  motion ;  which  is 
"ttot  xm\f  the  ind!eatfon>  bnt  alBo  the  characteristic^  of 
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die  dumguig  ftt«e.  We  c«U  it  m  Mie2^ra(Av,  td0trditig^ 
kfit^irngt  foToty  according  u  we  obfenr«.  Uie  motipQ  to 
be  aoeelenitad^  xttfundod*  w  deflected. 

Tbeee  deMmipetkais  ikw  ut  iqcoot^itiib^  that  we 
beve  BO  kBQwledge  of  tbe  foreee  differ^t  fpem  our  knoiv^ 
ledge  of  the  effects*  .  Tb^  deDominetiQiM  are  all  eitbef 
deBcr^tive  of  tbe  effeeta,  as  vbeii  we  call  them  aeoelet 
laluig,  penetrating,  protrusive*  attractive,  or  repulBive 
forces ;  or  tbey  era  oaiiies  of  reference  to  tbe  aubstanoea 
in  which  the  accelerating,  protrusive,  &c.  forces,  are  sup- 
poMd  to  be  inherent,  as  when  w$  call  them  magnetum^ 
tlmrieity^  corpuscular^  &c. 

20.  When  I  stmgi^  with  another,  an3  feel,  that  in 
order  to  [Prevent  being  thrown,  I  must  exert  force,  I  learn 
diat  mj  antagonist  is  exerting  force.  Tfaia  notion  is 
tcanafaffred  to  matter ;  and  when  a  nmvhig  power  whidi 
is  fcnavB  to  operate,  produces  no  motion,  we  conceive  it 
to  be  apposed  by  aaother  equal  force ;  tbe  existence,  agen* 
^,  and  intensity  of  which  is  detected  and  measured  by 
these  means.  Tbe  quiescent  state  of  the  .body  is  eonsi* 
dared  as  a  change  on  the  state  of  things  that  would  have 
been  exhibited  in  consequence  of  the  known  action  of  oim* 
power,  had  this  other  power  not  acted ;  and  this  change 
is  considered  as  the  indication,,  characteristic,  and  niea« 
sure^  of  another  power,  detected  m  this  way.  ^Thns 
forces  are  recognised  not  only  by  the  changes  of  motion 
which  they  produce;  but  also  by  the  changes  of  motion 
which  they  prevent.  The  cohesion  of  matter  in  a  string 
is  inferred  not  only  by  its  giving  motion  to  a  ball  which  t 
pull  toward  me  by  its  intervention,  but  also  by  its  sus- 
paiding  that  ball,  and  hindering  it  from  faUhig.  I  know 
that  gravity  is  acting  on  the  ball,  which,  however,  does 
not  fall  The  solidity  of  a  board  is. equally  inferred  from 
its  stopping  the  ball  which  strikes  it,  and  from  the  motion 
of  tbe  ball  which  it  drives  before  iL  In  this  way  we 
learn  that  the  particles  of  tangible  matter  cohere  by  means 
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c£  moring  forcM»  end  thai  they  resbt  eomprMaion  wHh 
feroe;  and  in  making  this  inference)  we  find  that  thii 
corpuscular  force  exerted  between  the  particles  is  mutual, 
opposifet  and  equal ;  for  we  must  applj  force  equally  to 
a  or  to  ft,  in  order  to  produce  a  separation  or  a  eomprea* 
feion.  We  learn  their  equality,  by  observing  that  no  mo- 
tion ensues  while  these  mutual  forces  are  known  to  act  on 
the  particles ;  that  is,  each  is  opposed  by  another  force, 
which  is  neither  inferior  nor  superior  to  it 


OF  THE  LAWS  OP  MOTION. 

SocB,  then,  being  our  notions  of  mechanical  forces, 
the  causes  of  the  sensible  changes  of  motion,  there  will 
result  certain  consequences  from  them,  which  may  be 
called  axioms,  or  laws,  of  motion.  Some  of  these  may  be 
intuitive,  offering  themselves  to  the  mind  as  soon  as  the 
notions  which  they  involve  are  presented  to  it  Others 
may  be  as  necessary  results  from  the  relations  of  these 
notions,  but  may  not  readily  offer  themselves  without  the 
mediation  of  axioms  of  the  first  dass.  We  shall  select 
those  which  are  intuitive,  and  may  be  taken  for  the  first 
inrinciples  of  all  discussions  in  mechanical  philosophy, 

FiaSV  LAW  OF  MOtlOV. 

Every  body  cofUint^ea  in  a  state  of  r«l,  er  of  uniform  reo* 
tilineal  motion^  unless  affected  by  some  mechanical  force. 

21.  This  is  a  proposition,  on  the  truth  of  which  the  whole 
science  of  mechanical  philosophy  ultimately  depends.  It 
is  therefore  to  be  established  on  the  firmest  foundation;  and 
a  solicitude  on  this  head  is  the  more  justifiable,  because 
the  opinions  of  philosophers  have  been,  and  still  are,  ex- 
tremely different,  both  with  respect  to  the  truth  of  this 
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hWj  and  with  respect  to  the  foundation  on  which  it  is 
built  These  opinions  are,  in  general,  very  ohscure  and 
unsatisfactorj ;  and,  as  is  natural,  they  influence  the  dis- 
cussions of  those  by  whom  they  are  held  through  the 
whole  science.  Although  of  contradictory  opinions  one 
enly  can  be  just,  and  it  may  appear  sufficient  that  this  one 
be  established  and  uniformly  applied ;  yet  a  short  exposi* 
tioD,  at  least,  of  the  rest  is  necessary,  that  the  greatest 
part  of  the  writings  of  the  philosophers  may  be  inteUigi« 
ble,  and  that  we  may  avail  ourselves  of  much  valuable  in-~ 
formation  contained  in  them,  by  being  able  to  perceive, 
the  truth  in  the  midst  of  their  ilsiperfect  or  erroneous  con- 
ceptions of  it 

82.  It  is  not  only  the  popular  opinion  that  rest  is  the 
natural  state  of  body,  and  that  -motion  is  something  fo- 
reign to  it,  but  it  has  been  seriously  maintained  by  the 
greatest  part  of  those  who  are  esteemed  philosophers. 
They  readily  grant  that  matter  will  continue  at  rest,  un- 
less some  moving  force  act  upon  it  Nothing  seems  ne- 
cessaiy  for  matter^s  remaining  where  it  is,  but  its  conti- 
nuing to  exist  But  it  is  far  otherwise,  say  they,  with 
respect  to  matter  in  motion.  Here  the  body  is  continual- 
ly changing  its  relations  to  other  things ;  therefore  the 
continual  agency  of  a  changing  cause  is  necessary  (by  the 
fimdamental  jHineiple  of  aU  philosophical  discussion)^  fbr 
there  b  here  the  continual  production  of  an  effect.  They 
say  that  this  metapbysicitl  argument  receives  complete 
confirmation  (if  confirmation  of  an  intuitive  truth  be  ne- 
cessary) from  the  most  familiar  observation.  We  see  that 
ill  motions,  however  violent,  terminate  in  rest,  and  that 
the  continual  exertion  of  some  force  is  necessary  for  their 
continuance. 

'  23.  These  pfhilosophers  therrfore  assert,  that  the  conti- 
nual action  of  the  moving  cause  is  essentialfy  necessary  for 
the  continuance  of  the  motion:  but  they  differ  among 
themselves  in  their  Qotions  and  opinions  ajiout  this  cause*. 
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Sbme  Aiiititaitty  tb«l  idl  ibf  motioiis  in  the  uni verge  are 
producod  imd  oontimied  by  the  immediate  agency  of  Deity ; 
othara  afEmi>  that  in  every  particle  of  matter  there  ia  in- 
harant  a  aert  of  mind^  the  fiv#,  and  '«r»irfn?t  of  Ariatotlet 
wlttch  tb6y  tiaU  an  atsiiBiiTa*  Mom,  which  ia  the  causa  of 
all  ita  motkina  and  changes.  An  o^erweaning  reverence 
for  Greek  learning  haa  had  a  great  ^influence  in  reviving 
thia  doctrine  of  Aristotle.  The  Greek  and  Roman  lan- 
guages are  affirmed  to  be  more  accurate  e^pressioDi  of 
hmnan  thought  than  the  modem  l«MDguagei  are.  In  those 
ancient  languages,  the  verb^  which  e^tpresa  motion  are 
emirfoyed  both  in  the  active  and  paasive  voice ;  whereaa 
we  have  only  the  active  verb  to  move^  for  expressing  both 
the  state  of  motion  and  the  act  of  putting  in  motion. 
^i-  The  stone  movu  down  the  sippe,  and  moi^cs  ail  the  peb- 
bles which  lie  in  its  way  :^  but  in  the  ancient  la^guagess 
the  mere  state  of  motion  is  always  expressed  by  the  pas* 
aive  or  middle  voice.  The  accurate  conception  o{.the 
speakers  is  therefore  extolled.  The  state  of  motion  ia 
ejcpresaed  as  it  ought  to  be,  as  the  result  of  a  oo^tinual 
actbn«^.  UiftOm*,  moecfar,  is  equivalent  to  "  it  is  mov^d.^ 
According  to  these  philosophers,  every  thing  which  ateoef 
ia  mind,  and  every  thing  that  is  tmwed  is  body. 

The  argument  is  futile,  and  it  is  false ;  for  the  modern 
languages  are,  in  general,  equally  accurate  in  this  in* 
stance :  «  n  numvoir^'^  in  French ;  **  jfcA  Uwrgen^  in  Ger* 
man ;  *^  ifrigoUn^  in  Slavonic;  are  all  passive  or  refleoti> 
ed.  And  the  ancients  said,  that  «^  rain  fails,  water  runs^ 
*<  smoke  rises,**  just  as  we  do.  The  ingenious  author  of 
Amiml  MeiQphgfHu  has  taken  much  pains  to  give  us,  at 
lengthy -the  procedures  of  those  elementary  minds  in  pro<- 
ducing  the  ostensible  phenomena  of  local  motion ;  but  it 
aeems  lo  be  merely  an  abuse  of  language,  and  a  veiy  fri- 
volous abuse.  This  elemental  naind  is  known  and  char 
ficterised  only  by  the  effect  which  we  ascribe  to  its  ac- 
tion;  that  ii^  by  the  motions  or  changes  of  naotiovs.  Unir 
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haa  and  i]iM»ecpt«d  exp^ievce  B}Mf$  us  that  ihepe  are 
regulated  by  lawi  fs  j^teiM  fi«  tbote  of  malfcaiiiMiMl 
truth.  W«  eoosider  ootbiBg  a9  wai«  fiwd  and  deter- 
Qiio^  than  the  c<miDM  lawa  of  medaiikai.  There  i» 
mthiiig  here  that  indicatea  my  thli^:  Uke  sp^ntaaeUjr^ 
iateotiom  pwpoee ;  ooeie  of  thoie  marke  bj  which  loiad 
wai  first  brought  ioto  ^Uw :  but  they  ut  very  like  tbu: 
eSaeta  which  we  produce  by  the  ^Kertiooe  of  our  corpo- 
real forces;  and  we  have  aecerdhigly  giveo  tbe  m^m^forc^ 
to  tbe  d^^  of  motion.  It  i^  surely  much  more  apposite 
tbau  the  name  mindf  aud  convieys  with  much  more  readU 
uess  and  perspeuity  the  reiy  mtieui  that  we  wiah  to 
QoaYcy. 

24w  We  now  wish  to  know  what  reason  we  have  to^ 
think  that  the  eontiuua)  action  of  some  cause  is  necessary 
for  continuing  matter  iu  motion,  or  for  thinking  that  rest 
Is  iu  natural  stiite.  If  we  pretend  to  draw  any  ailment 
fipom  the  nature  of  matter,  that  matter  must  be  knpwn, 
as  iar  as  is  necessary  for  being  the  foundation  of  argu* 
ment.  Itr  very  existence  is  known  only  from-  observe* 
tioo ;  all  pur  knowledge  of  it  must  therefore  be  derived 
fiom  the  same  source. 

If  we  take  this  way  to  come  at  the  origin  of  this  opi- 

aioii,  we  shall  $nd  that  experience  gives  us  no' authority 

for  saying  that  rest  is  the  natural  condition  of  nsatter. 

We  cannot  say  that  we  have  ever  seen  a  body  at  rest ; 

this  u  evident  to  every  person  who  allows  the  validity  of 

the  Newtonian  philosophy,  and  the  truth  of  the  Coperni^r 

can  system  of  the  sua  and  planets ;  all  the  parts  of  thif 

system  are  in  motiim.    Nay,  it  appears  from  many  obser* 

vations^  that  the  son,  with  his  attending  planets,  is  car* 

ried  iu  a  certain  direction,  with  a  velocity  which  is  very 

gi-^st.     We  have  no  unquestioaable  authority  for  aaying 

tLit  anj  one  of  the  stars  is  absolutely  fixed ;  but  we  are 

artaim  that  many  of  thei9  are  in  motion.    Rest  is  there* 
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fore  so  rare  n  condition  of  bodj^  tliat  we  cannot  saj,  from 
any  experience,  that  it  is  its  natural  state. 

26.  It  is  easy,  however,  to  see,  that  it  is  from  obsenra- 
tion  that  this  opinion  has  been  derired ;  but  the  observa- 
tion has  been  limited  and  careless.  Our  experiments  in 
this  sublunary  world  do  indeed  always  require  continued 
action  of  some  moving  force  to  continue  the  motion ;  and 
if  this  be  not  employed,  we  see  the  motions  slacken  every 
minute,  and  terminate  in  rest  after  no  long  period.  Our 
first  notions  of  sublunary  bodies  are  indicated  by  their 
operation  in  cases  where  we  have  some  interest.  Perpe- 
tually seeing  our  own  exertions  necessary,  we  are  led  to 
consider  matter  as  something  not  only  naturally  quiescent 
and  inert,  but  sluggish,  averse  from  motion,  and. prone  to 
rest  (we  must  be  pardoned  this  metaphorical  language, 
because  we  can  find  no  other  term).  What  is  expressed 
by  it,  on  this  occasion,  is  precisely  one  of  the  erroneous 
or  inadequate  conceptions  that  are  suggested  to  our 
thoughts  by  reason  of  the  poverty  of  language.  We  ani- 
mate matter  in  order  to  give  it  motion,  and  then  we  en« 
dow  it  with  a  sort  of  moral  character  in  order  to  explain 
the  appearance  of  those  motions. 

26.  But  more  extended  observation  has  made  men  gra- 
dually desert  their  first  opinions,  and  at  last  allow  that 
matter  has  no  peculiar  aptitude  to  rest.  All  the  retar- 
dations that  we  observe  have  been  discovered,  one  after 
another,  to  have  a  distinct  reference  to  some  external  cir- 
cumstances. The  diminution  of  motion  is  always  ob- 
served to  be  accompanied  by  the  removal  of  obstacles,  as 
when  a  ball  moves  through  sand,  or  water,  or  air ;  or  it 
is  owing  to  opposite  motions  which  are  destroyed ;  or  it 
is  owing  to  roughness  of  the  path,  or  to  friction,  &c.  We 
find  that  the  more  we  can  keep  those  things  out  of  the 
way,  the  less  are  the  motions  diminished.  A  pendulum 
HviU  vibrate  but  a  short  while  in  water ;  much  longer  in 
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air;  and  ia  the  eahauMted  recdter,  it  will  Tifarate  a  whok 
dqr.  We  know  that  we  <tonot  remove  all  obstacles ;  but 
we  are  led  bjr  sach  obsenrations  to  conclude  that,  if  thej 
amUbe  cami^eUly  removed^  our  motions  would  continue 
for. ever.  And  thb  conclusion  is  ajmost  demonstrated  by 
the  notions  of  the  heavenly  bodies,  to  which  we  know  of 
■0  ebstades,  and  which  we  really  observe  to  retain  their 
motions  for  many  thousand  years  without  the  smallest 
sensible  dtminutira. 

87.  Another  set  of  philosophers  maintain  an  opinion 
directly  opposite  to  that  of  the  inactivity  of  matter,  and. 
assert,  that  it  is  essentially  active,  and  continually  chang-; 
lag  its  state.  Faint  traces  of  this  are  to  be  found  in  the. 
writmgs  of  Pbto,  Arbtotle,  and  their  commentators.  Mr 
Leibnita  is  the  person  who  has  treated  thu  question  most 
systematically  and  folly.  He  supposes  every  particle  of 
matter  to  have  a  principle  of  individuality,  which  he. 
there^re  calls  a  Monad.  This  monad  has  a  sort  of  per- 
cepiitm  of  its  situation  in  the  universe,  and  of  its  relation 
to  eveiy  other  part  of  this  universe.  Lastly,  he  says  that 
the  monad  acts  on  the  material  particle,  much  in  the  same 
way  that  the  soul  of  man  acts  on  his  body.  It  modifies 
the  motion  of  the. material  atom  (in  conformity,  however^ 
to  unalterable  laws),  producing  all  those  modifications  of 
motion  that  we  observe.  Matter,  therefore,  or,  at  least, 
particles  of  matter,  are  continually  active,  and  continually 
changing  their  situation. 

It  is  quite  unnecessary  to  enter  on  a  formal  confutation 
of  Mr  Leibnitz'^s  system  of  monads,  which  differs  v^ty 
little  from  the  system  of  elemental  minds,  and  is  equally 
whimsical  and  frivolous ;  because  it  only  makes  the  un« 
learned  reader  stare,  without  giving  him  any  information. 
Should  it  even  be  granted,  it  would  not,  any  more  than 
the  action  of  animals,  invalidate  the  general  proposition 
which  we  are  endeavouring  to  establish  as  the  fundamen- 
tal law  of  motion.    Those  powers  of  the  monadsj^  or  of 
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tke  ekmoiUi  mindf,  are  the  caufes  of  all  the  chaagei  of 
motion ;  but  the  mere  material  partide  is  subject  to  the 
law,  and  requires  the  exertion  e£  the  monad  in  order  to 
exhibit  a  change  of  motion. 

2&  A  third  sect  of  phHosophers,  at  the  head  of  iHiich 
we  may  place  Sir  Isaac  Newton,  maintain  the  doctrine 
enounced  in  the  propositkm.  But  thej  differ  much  in  re- 
nped  of  the  foundation  on  which  it  is  built  . 

Some  assert  that  its  truth  flows  from  the  nature  of  the 
tiling.  If  a  body  be  at  rest,  and  jou  assert  that  it  will 
not  remam  at  rest,  it  must  move  in  some  one  direction* 
If  it  be  in  motion  in  an j  direction,  and  with  any  velocity, 
and  do  not  continue  its  equable,  rectilineal,  motion,  H 
must  either  be  accelerated  or  retarded;  it  must  turn  either 
to  one  side,  or  to  some  other  side.  The  event,  whatever  it 
be,  is  individual  and  determinate ;  but  no  cause  whichxan 
determine  it  is  supposed:  therefore  the  determination 
cannot  take  place,  and  no  change  will  happen  in  the  con* 
dition  of  the  body  with  respect  to  motion.  It  will  cop« 
tinue  at  rest,  or  persevere  in  its  rectilineal  and  equaUo 
motion. 

But  ccMisiderabie  objections  may  be  made  to  this  argu* 
meat,  of  suJjiciefU  reaiony  as  it  is  called.  In  the  iau&en* 
rity  and  perfect  uniformity  of  space  and  time,  there  is  no 
determining  cause  why  the  visible  universe  should  exist 
in  the  place  in  which  we  see  it  rather  than  in  anothert 
or  at  this  time  rather  than  at  another.  Nay,  the  argu* 
ment  seems  to  beg  the  quebtion.  A  cause  of  deter- 
mination is  required  as  essentially  necessary— -a  d^teiw 
mination  may  be  without  a  cause,  as  well  as  a  motion 
without  a  cause. 

89.  Other  philosq)hers,  who  maintain  this  doctrine^ 
consider  it  merely  as  an  experimental  truth  ;  and  proofii 
of  its  universality  are  innumerable. 

When  a  stone  is  thrown  from  the  hand,  we  press  it 
forward  while  in  the  hand^  and  let  it  go  when  the  hand 
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h»  acquired  the  grefttest  npidily  of  motion  tliat  we  can 
give  it  The  stone  continues  in  that  state  of  motion 
wlAA  it  acquired  gradually  along  with  the  hand.  We 
can  throw  a  stone  much  fiuther  by  means  of  a  sling;  be- 
cause, by  It  very  moderate  motion  of  the  hand^  we  can 
whirl  the  stone  round  till  it  acquire  a  rery  great  Telocity^ 
and  then  we  let  go  one  of  the  strings,  and  the  stone 
escapes,  by  canHtmmg  its  rapid  motion.  We  see  it  still 
more  distinctly  in  shootmg  an  arrow  from  n  bow.  The 
string  presses  hard  on  the  notch  of  the  arrow,  and  it 
yields  to  tUs  pressure  and  goes  forward.  The  string  al«»ne 
would  go  faster  forward.  It  therefore .  amUrmes  to  presa 
the  arrow  forward,  and  accelerates  its  moticm.  This  gota 
on  tiO  the  bow  is  as  much  unbent  as  the  string  will  idloW. 
But  the  string  is  now  a  straight  line.  It  came  into  this 
position  with  an  accelerated  motion,  and  it  therefore  goia 
a  little  beyond  this  position,  but  with  a  retarded  motion, 
being  checked  by  the  bow.  But  there  ii^  nothing  to  check 
the  arrow;  therefore  the  arrow  quits  the  string,  and  fliea 
away. 

These  are  simple  cases  of  perseverance  in  a  state  of 
ttotioD,  where  the  procedure  of  nature  is  so  eastlj  traced 
tliat  we  perceive  it  almost  iaUritively.  It  b  no  less  clear 
in  other  phenomena  which  are  more  complicated ;  but  it 
fequires  a  little  reflection  to  trace  the  process*  We  have 
often  seen  an  equestrian  showman  ride  a  horse  at  a  gallop, 
standing  on  the  saddle,  and  stepping  from  it  to  the  back 
of  another  horse  that  gallops  alongside  at  the  same  rate ; 
and  he  does  this  seemingly  with  as  much  ease  as  if  tiie 
horses  were  standing  stiU.  The  man  has  the  same  velot^ 
city  with  the  horse  that  gallops  under  him,  and  keeps  this 
vdoctty  while  he  steps  to  the  back  of  the  other.  II  that 
other  were  standing  still,  the  man  would  flyover  his  head. 
And  if  a  man  should  step  from  the  back  of  a  horse  that 
b  standing  stOl  to  the  back  of  another  that  gallops  past 
him>  he  would  be  left  behind.    In  the  same  manner,  a 
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siftck  wire  dancer  tosses  oranges  from  hand  to  hatid  white 
the  wire  is  in  ftill  swing. .  The  orange,  swingbig  along 
with  the  hand,  retains  the  velocity;  and  when  in  th^  air 
follows  the  hand,  and  falls  into  it  when  it  is  in  the  oppo- 
site extremity  of  its  swing;  '  A  ball,  dropped  from  the 
mast  head  of  a  ship  that  is  sailing  briskly  forward,  falb 
at  the  foot  of  the  mast  It  retains  the  motion  which  it 
had  while  in  the  hand  of  the  person  who  dropped  it,  and 
follows  the  mast  daring  the  whole  of  its  fall. 

We  also  have  familiar  instances  of  the  perseverance  of 
m  body  in  a  statef  of  rest.  When  a  vessel  filled  with  wa* 
ler  is  drawn  suddenly  along  the  floor^  the  water  dashes 
over  the  ik>8terior  side  of  the  vesseL  It  is  left  behind.  In 
the  same  manner,  when  a  coach  or  boat  is  dragged  for- 
ward, the  persons  in  it  find  themselves  strike  agaiiist  the' 
hinder  part  of  the  carriage  or  boat  Properly  speaking,^ 
it  is  the  carriage  that  strikes  on  them.  In  like  manner^ 
if  we  lay  a  card  oh  the  tip  of  the  finger,  and  a  piece  of 
money  on  the  card^  we  may  nick  away  the  card^  by  hit«i 
ting  it  neatly  on  its  edge ;  but  the  piece  of  money  will  be 
left  behind,  lying  on  the  tip  of  the  finger.  A  ball  will  go 
through  a  wall  and  fly  onward;  but  the  wall  is  Irft  be* 
hind.  Buildings  are  thiown  down  by  earthquakes ;  somi$« 
times  by  being  tossed  from  their  foundations,  but  knore 
generally  by  the  ground  on  which  they  stand  being 
hastily  drawn  sidewise  from  under  them^  8ec.  s 

SO.  But  common  experience  seems  insufficient  for  esta«> 
blishing  this  fundamental  proposition  of  medianical  pbi-^ 
losophy.  We  ihust^  on  the  faith  of  the  Cepemican  sys-^ 
tem,  grant  that  we  never  saw  a  body  at  rest,  or  in  unis 
form  rectilineal  mdtioA;*yet  this  seems  absolutely  neces-: 
iary  before  we  can  say  that  we  hove  estabKshed  this  pros 
position  experimentally. 

What  we  imagine,  in  our  cfxperiments,  to  be  putting  a 
body,-  formerly  at  rest,  into  motion,  is,  in  fact,  only 
changmg  a  most  nq[iid  mdtion^  not  less^  and  probably 
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mudi  gresier,  than  90,000  feet  per  second.  Suppoae  a 
cannon  pointed  east,  and  the  Bullet  discharged  at  noon 
day  with  60  times  greater  velocity  than  we  hare  ever 
been  able  to  giVe  it.  It  would  aj^ar  to  set  out  with 
this  unmeasurable  velocity  to  the  eastwai'd ;  to  be  gra- 
dually retarded  by  the  resistance  of  the  air,  and  at  last 
brought  to  rest  by  hitting  the  ground.  But,  by  reason 
of  the  earth'^s  motion  round  the  sun,  the  fact  is  quite  the 
reverse.  Immediately  before  the  discharge,  the  ball  was 
moving  to  the  westward  with  the  velocity  of  90,000  feet 
per  seccmd  nearly.  By  the  explosion  of  the  powder,  and 
its  pressure  on  the  ball,  some  of  this  motion  is  destroyed, 
and  at  the  muxde  of  the  gun,  the  ball  is  moving  slower, 
and  the  cannon  is  hurried  away  from  it  to  the  westward. 
The  air,  which  is  also  moving  to  the  westward  90^000 
feet  in  a  second,  gradually  communicates  motion  to  the 
ball,  in  the  same  manner  as  a  hurricane  would  do.  At 
last  (the  ball  dropping  all  the  while)  some  part  of  the 
ground  hits  the  ball,  and  carries  it  along  with  it. 

Other  observations  must  therefore  be  resorted  to,  in 
€>rder  to  obtain  an  experimental  proof  of  this  proposition. 
And  such  are  to  be  found.  Although  we  cannot  measure 
the  absolute  motions  a£  bodies,  we  can  observe  and  mea« 
sure  accurately  their  relative  motions,  which  are  the  dif- 
ferences of  their  absolute  motions.  Now,  if  we  can  shew 
experimentally,  that  bodies  shew  equal  tendencies  to  re« 
sist  the  augmentation  and  the  diminution  of  their  relative 
motions,  they,  ipso  facio^  shew  equal  tendencies  to  resist 
the  augmentation  or  diminution  of  their  absolute  motions. 
Therefore  let  two  bodies,  A  and  B,  be  put  into  such  a 
situation,  that  they  cannot,  (by  reason  of  their  impene^ 
tiability,  or  the  actions  of  their  mutual  powers)  persevere 
in  their  relative  motions.  The  change  produced  on  A  is 
the  effect  and  measure  of  B''s  tendency  tO' persevere  in  its 
former  state  ;  and  therefore  the  proportion  of  these 
tbsBgeB  vriJl   shew  the  proportion  of  their  tendencies  to 
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matntmin  theii*  former  itates.  Therefore'let  the  following 
experimettt  be  ouide  at  noon. 

*  Let  A)  apparently  monng  westward  three  feet  per  9e« 
cond,  hit  the  eqnal  bodjr  B  apparently  at  rest  Suppose^ 
IH9  That  A  impels  B  forward,  without  any  diminution  of 
Ht  own  teiocity.  This  result  would  shew  that  B  mani* 
tests  no  tendency  to  maintain  its  nfcotion  Unchanged^  but 
that  A  retains  its  motion  undiminished. 

idfyf  Suppose  that  A  stops,  and  that  B  remains  at  rest. 
This  would  shew  that  A  does  not  resist  a  diminution  of 
motion^  but  that  B  retains  its  motion  unaugmented. 
.  Sdfyf  Suppose  that  both  move  westward  with  the  vek>* 
city  of  one  foot  per  second.  The  change  on  A  is  a  di* 
minution  of  velocity,  amounting  to  two  feet  per  second* 
This  is  the  effect  and  the  measure  of  B^s  tendency  to 
maintain  its  velocity  unaugmented.  The  change  on  B  ii 
an  augmentation  of  one  foot  per  second  made  on  Its  ve» 
lodty ;  uid  this  is  the  measure  of  A^s  tendency  to  tnain«' 
tain  itis  velocity  undimisiidied.  This  tendency  is  but  half 
of  the  former ;  and  this  result  woul4  Aew,  that  the  re- 
sistance to  a  diminution  4f  velocity  is  but  half  of  the  rfr» 
distance  to  augmentation.  It  is  perhaps  but  one  quarter; 
for  the  change  on  B  has  produced  a  double  change  on  A. 
.  4tUyj  Suppose  that  both  move  westward  at  the  rate  of 
14  feet  per  second.  It  is  evident  that  their  tendencies  to 
maintain  their  states  unchanged  are  now  equal. 

Bthfyt  Suppose  A  as  2  B,  and  that  both  move,  after 
the  collision,  two  feet  per  second,  B  has  received  an  addi* 
tion  of  two  feet  per  second  to  its  former  velodty.  This 
is  the  effect  and  the  measure  of  A^s  whole  tendency  to 
retain  its  motion  undiminished.  Half  of  this  change  on 
B  measures  the  persevering  tendency  of  the  half  of  A} 
but  A^  which  formerly  moved  with  the  apparent  or  rela*> 
live  Velocity  three,  now  moves  (by  Uie  supposition)  with 
4he  velocity  two,  having  lost  a  velocity  of  one  foot  per 
second.  Each  half  of  A  therefore  has  lost  this  velocity^ 
2 
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uA  Ike  whole  hm  of  nrntioa  U  iiMi  i^iMr  tkib  u  iht 
mmmt  of  B^t  teadtttcf  to  inoioudii  hi  Immr  iUte  ttfe* 
MgoMHed;  Md  ebb  li  ClM  sftDM  wiA  ib#  neoiure of  Al 
tendencj  to  maintain  its  own  former  state  lUtdiiiiiiiiibed* 
The  oottduiioii  ftom  Mob  a  raiiU  woold  tbardoro  be, 
that  bodka  bate  aqsal  tendaodaa  to  aaintaiii  tbcir  (bdnet 
statoi  of  aaotioM  wiOamt  OMOTBtatioo  add  witboaC  dtmU 


Wh«tlsiiqppdaedintbo4^AatiaMk  oasaa  laraalljrtht 
rMH  of  all  the  eMpmamAM  wkidi  ha?a  batn  tiiad  i  and 
tlii  hw  ragoiatai  all  the  chattgaa  of  motioa  whkh  am 
pt^dncad  bj  the  mutual  aetimi  of  bodies  in  impukkms* 
TUi  aaKftkm  ia  true  witbott  exoaptioa  or  (pifificatioa* 
Tbarefore  it  appeai%  that  bodies  hwifB  no  pra&rabki  teB^ 
denef  to  raat»  and  that  no  £mi  can  ba  adduced  whkth 
fhonld  make  as  auppaM  that  a  motion  onoe  began  sboold 
■Q&r  aajr  dimimitwn  without  the  action  of  a  chattging 

But  we  must  Aow  obsenra^  that  this  Way  U  estabfith^ 
lig  thtf  fint  kw  of  motion  Is  very  imparfoct,  and  idtoge- 
tbar  miftt  far  rend j^g  it  the  fimdamtntal  friMiple  of  d 
whole  and  aztttisiTe  acianooi  It  is  aobjact  to  all  the  ifl^ 
Meamqr  thatiatobafoaadiftoitf  bestexperhtteats;  and 
it  euuiol  be  ajiplied  to  casea  whete  acrt^lous  aaouracy  H 
wanted^  aad  where  no  aiqietimeni  can  b|  made; 

Let  us  tberofim  examine  the  pr opositiea,  luid  we  ihott 
iad  it  to  ba  als  axiom  ot  intuitira  eonafqu^nee  of  the 
relations  of  those  ideas  wbidt  wa  have  of  a|9tion|  end  of 
the  caoaea  of  its  production  and  change^  ' 

SL  It  has  been  foUy  damonattuted  thet  t^  poweff  or 
ioroesi  of  which  we  speak  aa  mech^  ate  Mto|  the  imme^ 
diate  o^eda  of  our  peraaption.  Their  verjr  ifXistencei 
their  khu^  and  their  degree^  are  inatinctife  (||fereoeei 
from  the  motioiia  wkafih  we  obaerre  and  elasa.  It  efi« 
Madf  Mkmm  from  thia  aparineDtal  and  uoireTftf  1  tnithi 
H  That  whfw  ne  change  of  metiUft  it  fl^irte^  oe 

foil*  t.  c 
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inch  infereiice  is  made ;  that  i8»  no  foWer  iB'n^p68ed\/» 
act.  But  wheiie?er  aaj  change  of  motion  is  observed,  the 
inference  is  made;  that  is»  a  power  or  force  is  supposed 
to  have  acted.  . 

.  In  the  same  form  of  logical  conclusion^  we  must  say 
that,  2dfy^  When  no  change  of  motion  is  suppoud  or 
thought  of,  no  force  is  sspposed;  and  that  whenever  we 
suppose  a  change  of  motion,  we,  in  fact,  though  not  in 
tctois,  ppjiose  a  changing  forde.-  And^  on  the  other 
band,  whenever  we  suppose  the  action  of  a  changing  force, 
we  suppose  the  change  of  motion  t  for  the  action  of  Uus 
force,  and  the  change  of  motion,  is  one  and  the  same 
thing.  We  cannot  think  of  the  action  without  thinking; 
of  the  indication  of  that  action;  that  is,  the  diange  of 
ifiotion.— *In  the  same  manner,  when  we  do  not  think  of 
A  changing  force,  or  suppose  that  there  is  no  action  of  a 
changing  force,  we,,  in  fact,  though  not  in  terms,  sup* 
pose  that  there  is  no  indication  of  this  changing  force : 
that  is,  that  there  is  no  change. 

Whenever,  therefore,  we  suppose  that  no  mechanical 
force  is  acting  on  a  body,  we,  in  fact,  suppose  that  the 
body  continues  in  its  former  condition  with  respiect'to  mo« 
tion.  If  we  suppose  that  nothing  accelerates,  or  retards, 
pr  deflects  the  motion^  we  suppose  that  it  is  not  accele- 
rated, nor  retanded,  nor  deflected.  Hence  follows  the 
pro|M>sition  in  express  term^^fFc  suppose  that  the  bodgoon- 
Umus  in  its  former  state  of  rest  or  moCton,  unless  we  suppose 
.'  fiol  it  is  changed  by  some  mechanical  force. 

Thus  it  appears,  that  this,  proposition  is  not  a  matter 
of  experienoe  or  contingency^  d^ending  on  the  proper- 
ties which  4t  has  pleased  the  Author  of  Nature  to  bestovT 
on  body :  «t  is,  to  us,  a  necessary  truth.  The  proposi^ 
tion  does  not  so  much  express  any  thing  with  regard  to 
body,  as  it  does  the  operations  of 'our  mind  when  con- 
templating body.  It  nuiy  perluqis  be  essential  to  body  19 
Qiove  in  «one  {leuAitf olav  direction* .  It  may  be  eisentiat 
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tolmdy'ib  rtop  as  soon  as  the  moving  iCanse  bas  ceased  to 
ad ;  or  it  nuijr  be  essential  to  body  to  diminisb  its  motion 
gradttaliy,  and  finally  come  to  rest.  But  this  will  not  in*. 
Tslidate  the  buth  of  this  projposilion;  These  dtcum- 
sUhces  in  the  nature  of  body^  whkh  render  thos^  modi- 
ficfttions  of  motion  essentially  decessary^  ^re  the  causes  of 
those  modifications ;  and,  in  our  study  of  nature,  they 
irill  be  considered  by  us  as  changiilg  forces,  and  #ill  be 
known  and  called  by  that  namk  And  if  we  ihould  ever 
see  a  particle  of  matter  in  such  a  siiuatibn  that  it  is  af- 
fected 1^  those  essential  properties  alone,  we  shall,  front 
ohserration  of  its  motion,  discover  what,  those  essential 
properties  are; 

This  law  turns  oiit  at  last  to  be  little  niore  thati  a  tau- 
tological proposition :  Bdt  mechanical  philosophy,  as  w^ 
have  defined  it'j  requires  no  other  sense  of  it ;  for,  even 
if  we  should  suppose  that  body.  Of  its  own  nature,  is 
capable  of  changing  its  'states  this  i^bange  miist  be  per- 
fonned  according  to  seme  law  whkh  characterises  the  na- 
ture of  body  \  aiid  the  knowledge  of  the  law  can  be  had  in 
no  other  way  than  by  observing  the  deviations  firohi  Uni- 
form reetilfneal  motion:  It  b  therefore  indifibrent  whelhei* 
those  changes  are  derived  from  the  nature  of*  the  thing,' 
or  from  e±ternal  causes ;  for  in  order  to  cdndider  the  va^ 
rioos  motions  of  bodies^  we  must  first  consid^  this  na^ 
tore  of  matter  as  a  mechanical  affection  of  matter,  dpe- 
rating  in  every  instance ;  and  thus  we  are'  brought  back 
to  the  law  enounced  in  this  proposition.  This  becomes 
nuMre  certain  when  we  reflect  that  the  external  causeif 
(such  as  gruTity  or  magnetism)^  which  tre  acknowledged 
to  operate  changes  of  motion^  are  equally  unknown  to  ni 
with  this  essential  original  property  of  iiatiire,  and  are; 
like  it,  notfiing  but  inferences  from  the  phenomena. 

The  above  v^  diffuse  discissions  may  appear  Super- 
ilooas  to  many  readers,  and  even  cumbersome ;  but  we 
traat  thai  the  philoaophicalreader  will  excuse  our  anxiety 
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OB  tU»  headi  when  he  reflect  od  the  complicated,  iadii^ 
tiocty  and  iiiaoeimte  actions  commoolj  had  of  the  sab* 
ject;  aad  more  efpeciallj  wbes  heobsenres,  thai  of  those 
who  aaaintaia  the  truth  of  tUs  fondamental  proposiftion, 
as  we  hare  eaoQBced  it^  nany  (and  they  too  of  the  first 
tBUMnoe)  ff ject  it  in  iaet^  by  combinmg  it  with  other 
^inioBs  which  are  ioeonaisteiit  wi4h  it^  najt  which  coa« 
tradffit  it  io  ezpMBs  terMc.    We  aaay  ereii  inchide  Sir 
.Isaac  Newtoft  in  the  number  of  those  who  have  at  kast 
introduced  aaodes  of  expnMsion  which  ndaiead  the  minds 
^  incantaous  persoB$»  aad  auggest  inadequate  notions,  in« 
compatible  with  the  pure  doctrine  of  the  proposition* 
Although,  in  words,  thej  disclaim  the  doctrine  that  rest 
is  the  natnral  state  ot  body>  and  that  forte  is  necessary 
ibr  the  oontinuatian  of  its  motion,  yet  in  words  tfapy 
(and  most  of  them  19  thoi^t)  likewise  abet  that  doc* 
trine ;  for  they  say,  that  there  resides  in  a  moring  body 
OjMteer  or jforsc^  by  which  it  perseTerea  in  its  motion* 
They  call  it  the  vis  marra^  the  uimRBirr  ronca  or  a 
MOTiNo  aonir*    This  is  surdy  giring  up  the  question ;  for 
if  the  motion  is  supposed  to  be  continued  in  eooaequenee 
of  a  force^  that  force  is  $9ifpo$ed  to  be  exerted  ;  and  it  is 
suppose^  that  if  it  were  not  eiderted,  the  motion  would 
cease ;  and  therefore  the  ptopoeition  must  be  fidae.    I»> 
deed  it  is  sometimes  repressed  so  as  seemfai^y  to  waidoff 
this  olyection.    It  is  sdd,  that  the  body  continues  in  nni« 
form  ractilineal  motioBi  utdess  nffected  by  aome  eaEtamof 
caufc  But  this  way  of  speaking  obligea  us»  at  first  setting 
out  in  natttralpbilosopfay,to  assert  that  gnmty,mngnetiBm, 
dectrscity,  and  o  thousand  other  mechanical  powers,  are 
external  tp  the  matter  which  thqr  put  in  motion.    This 
is  quite  isnproper  t  It  ^  the  business  of  phihisophy  to  dis* 
cover  whether  they  be  external  or  not;  and  if  we  assert 
that  they  are^  we  hove  nr  principles  of  argumentation 
with  those  who  deny  it.    It  is  this  one  thing  that  has 
fiUgl  the  atudy  of  ne(ui«  with  ^  the  jaipm  of  lethers 
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phikMopliy,  Midi  gfiwiUy  fcCanledl  ils  pfogrtn. 

Si.  We  Mi8l  okstrre,  tluH  the  tenM  «»•  fiM*i»  in WvMfc 
jWtt,  ere  veiy  inprofer.    IVve  b  no  difpate  •mamg 
pUoeoplMn  in  cellng  ereiy  Umig  e  foroe  thai  prodhicee 
e  diange  of  motion,  and  in  infermg  the  action  of  snch  • 
tarte  trheneyet  we  obMrre  a  change  of  notion.    It  is 
antdy  ittcongraens  to  give  the  tame  name  towhatbasnoC 
tids  qmlSty  of  prodoeiog  a  change,  or  to  Uaimt  (or  rather 
la  suppose)  the  raergj  of  a  fmtse  when  no  change  of  mo« 
tion  is  obssrred.    This  is  one  among  manj  mstanees  of' 
the  danger  of  mistake  when  we  indnlge  m  anatogieal  ilis« 
All  our  hmguage,  at  least  on  this  sulyect,  ia 
I  leel,  tiiat  in  order  to  oppose  animal  force, 
I  mnsir  esert  foreaw    But  I  must  exert  force  in  order  to 
•Ffoae  a  bod j  in  motioo :  Thercfort  I  hmgine  that  the 
naoving  ImmI j  possassss  force.    A  bent  spring  will  drive  a 
bodjr  forward  hjr  unbending:  Therefore  I  my  that  the 
qpring  exerts  force.    A  rooeing  body  impeb  the  body 
which  it  idts:  Therefore  I  say,  that  the  impeiiag  body 
es  and  emts  force.    I  imagine  faitbsr,  that  it 
force  only  by  being  in  motion,  or  because  it  is 
in  HBOtion ;  because  I  do  not  find  that  a  quiescent  body 
wiM  pnt  another  into  nmtian  by  touching  it.   But  we  shall 
BOOB  find  this  to  lie  foise  in  many,  if  not  in  all  cases,  and 
that  the  commnueation  of  motion  depends  on  tbe  mere 
▼idnity,  and  not  on  the  motioo,  of  the  impelling  body ; 
yet  we  ascribe  the  exertion  of  the  ew  tnsite  to  tiie  drcum* 
stanee  of  the  continued  motion.    We  therefore  conosire 
the  foice  bb  arising  from,  or  as  conosting  in,  the  impel- 
ling bod^^s  being  in  motion;  and,  with  a  ysry  obsoire 
and  indistinct  conception  of  the  wliole  matter,  we  call  it 
iitjianet  iy  wkkk  ike  body.fre$ir9e$  iUdfmwmimL    Thus, 
taking  it  far  granted  that  a  force  msides  in  the  body,  and 
kemgr  obl^ed  to  give  it  some  ofllce^  this  is  the  only  one 
that  we  cnn  think  of. 
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;  But  pUIosdplieni  ima^iQe  that  they  p^reeiTe  the  ^iie6»^ 
sity  of  the  exertion  of  a  force  in-  order  to  the  continua* 
tion  of  a  motion.  Motion  (saj  they)  i$  a  continued  ac- 
tion ;  the  body  is  every  instant  in  a  new  situation  ;  there 
is  the  continual  production  of  an  effect,  therefore  the 
continued  action  of  a  cause. 

38.  But  this  18  a  very  inaccurate  wtiy  of  thinking.  We 
have  a  distinct  conception  of  motion ;  and  we  conceive 
that  there  is  such  a  thing  as  a  moving  cause,  which  we 
distinguish  from  all  other  causes  by  the  name  force.    It 

^  produces  motion.  If  it  does  this,  it  produces  the  cha^ 
racter  of  motion,  which  is  a  continual  change  of  place. 
Motion  is  not  action,  but  the  effect  of  an  action;  and 
this  action  is  as  complete  in  the  instant  immediately  sue* 
ceeding  the  beginning  of  the  motion  as  it  is  a  minute 
after.  The  subsequent  change  of  place  is  the  continuatioa 
of  an  effect  already  produced.  The  iauneiiaJte  effect  of  the 
moving  force  is  a  dbtbrmination,  by  which,  if  not  hin* 
dered,  the  body  would  go  on  for  ever  from  place  to  place* 
It  is  ii^  this  determination  only  that  the  state  or  condition 
of  the  body  can  differ  from  a  state  of  rest ;  for  in  any  in« 
stant,  the  body  does  not. describe  any  space,  but  has  « 
determination  by  which  it  will  describe  a  oertain  space 
uniformly  in  a  certain  time.  Motion  is  a  condition,  a  state, 
or  mode,  of  existence,  and  no  more  requires  the  conti* 
nued  agency  of  the  moving  cause  than  yellowness  or  round<* 
ness  does.  It  requires  some  chemical  agency  to  change 
the  yellowness  to  greenness ;  and  it  requires  a  mechanioEd 

V  cause  or  a  force  to  change  this  motion  into  rest..  When 
we  see  a  moving  body  stop  short  in  an  instant,  or  be  gra- 
dually, hut  quickly,  brought  to  rest,  we  never  fail  to 
speculate  ftbout  a  cause  of  this  cessation  or  retardation. 
The  case  is  no  way  different  in  itself  although  the  retar* 
dation  should  be  extremely  slow.  We  should  always  at^ 
tribute  it  to.  a  cause.  It  requires  a  cause  to  put  a  body 
put  of  motion  as  much  as  to  put  it  into  motion*    TUs 
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€1119^  ifiiot  escternal^  nniit  U  found  ia  tiie  jbcdy  itsdf ; 
and  it  must  have  a  self-detenniniDg  power,  and  maj  as. 
well  be  abk  to  put  itself  int6  motion  as  out  of  it 

If  this  reasmiiag  l>e  not  admitted,  we  do  not  see  how 
SDj  e&ct  can  be  produced  b j  any  cause.  Ertry  effect 
supposes  something  dmu ;  and  any  thing  done  implies  that' 
tke  thing  done  may  remain  till  it  be  undxmt  by  some  other 
cause.  Without  this,  it  would  hai^e  no  existence.  If  a 
BOTiBg  cause  did  not  produce  continued  motion  by  its.  in* 
stsntaneotts  action,  it  could  not  produce  it  by  any  conti-^ 
oosnee  of  that  action ;  because  in  no  instant  of  that  -ao* 
tioa  does  it  produce  continued  motion. 

We  must  therefore  give  up  the  opinion,  that  there  re* 
sides  in  a  moving  body  a  force  by  tohich  it  i$  kept  in  mo* 
Am;  and  we  must  find  some  other  way  of  explaining  that 
remarkable  diffarence  between  a  moving  body  and  a  body 
at  rest,  by  which  the  first  causes  other  bodies  to  move  by 
hitting  them,  while  the  other  does  not  do  this  by  merely 
toachiiig  them.  We  shall  see,  with  the  clearest  evidence, 
that  motion  is  necessary  in  the  impelling  body,  in  order 
that  it  may  permit  the  forces  inherent  in  one  or  both  bo* 
dies  to  continue  this  pressure  long  enough  for  producing 
a  souible  or  considerable  motion*  But  these  moving 
forces  are  inherent  in  bodies,  whether  they  ere  in  motion 
oratrest. 

34.  The  foregoing  observations  shew  us  the  impropriety 
of  the  phrase  eommunication  of  motion.  By  thus  reflecting 
on  the  notions  that  are  involved  in  the  general  conception 
of  one  body  being  made  to  move  by  th^  impulse  of  an- 
other, we  perceive,  that  there  is  nothing  individual  trans- 
ferred from  the  one  body  to  the  other.  The  determina- 
tion to  motion,  indeed,  existed  only  in  the  impelling  body 
before  collision;  whereas,  afterwards,  both  bodies  are  so 
conditioned  or  determined.  But  we  can  form  no  notion 
of  the  thing  transferred.    With  the  same  metaphysical 
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impnpiUtji  fm  apUk  of  the  tmsminiaidBvt  «r  joj,  mS 
ftrer* 

35.  Koplir  isiradvead  a  ienn  mnnaUf  vm  mvmtiJB, 
iato  mmhmAul  plulmqihjr ;  and  it  is  Boir  in  eoosUnt 
uae.  Bol  ^viitert  one  rmj  caMltH  and  ragoa  in  ftha  nod 
tioof  vUah  tliaf  affix  to  thage  tema.  Keplar.aad  Noir« 
ton  aaam  geoeraUy  to  amploy  it  for  exprasung  the  faaty 
the  peracvcnHiea  of  tha  faodj  in  its  pragant  atata  of 
tian  or  nat;  hot  thaj  also  fraquantly  axpioaa  by  it  ( 
thing  lika  an  indil&ranao  to  notion  or  mt,  wtamJiMtai  hf 
tb  TfqitirhgtkMmmfiipumii^  ^faret  to  wula  on  oagnMalo* 
tion  ofiu  maiion  a$  <a  oudct  am  tquid  ikawmOiBm  of  it  Tho 
popilior  nation  it  like  that  which  wa  faan  of  aetual  re- 
aistaaca  s  'and  it  alvrajrs  implies  the  notion  of  foroo 
eaeitad  by  tha  retiiting  body.  We  anppaae  this  to 
be  tha  exertion  of  tha  ait  uinla,  or  tha  utAtroil  Jm$ 
of  a  body  in  motbn.  But  wa  hava  the  aama  notion 
of  ramtonee  from  a  body  at  raat  whieh  wa  aat  in  omw 
tion.  Now»  surely  it  is  in  direct  contradietion  to  tho 
common  osa  of  the  word  Jmw^  when  wo  suppose  resist^ 
anca  from  a  body  at  rest ;  yet  tat  Msrlio  is  a  yery  oaift- 
mon  eq[>pession.  Nor  is  it  mom  absurd  (and  it  is  vary 
absurd)  to  sqr»  that  a  body  maintatns  its  state  of  rest  bgr 
the  exertion  of  a  vts  tnertur,  than  to  say,  that  it  mais^ 
tains  its  state  of  motion  by  the  exertion  of  an  mkmmi 
f(tr9€.  We  should  avoid  all  snob  metapliorioal  expressions 
as  nfisMimi  ind^ermn^  9liKggi$hm99^  or-  prsncaeis  la  rest 
(whieh  some  express  by  lasrCta),  because  they  seldom  fisil 
to  make  us  indulge  in  metaphoriaal  notiaos,.  and  thus  lead 
«a  to  misconoeife  the  a«odMt  «!psrsmfs  or  prooedora  of 
nature. 

Tbara  is  n  nsMteuee  whateo&r  gUanmi  in  these  plieno* 
mena ;  for  the  force  employed  alwoysproduom  its  ipmfkU 
efffect.  When  I  throw  down  a  man,  and  find  that  1  have 
employed  no  mose  fiiree  than  was  suflkient  to  throw  down 
%  similar  and  equal  mass  of  dead  matter,  I  know  by  this 
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tlMitfceiatiiolsiMbUd;  b«t  I  cmebik  thit  fe  ]fa»  n^ 
liiledv  if  I  fa«Te  beta  flUi^  to  cnplojr  mMk  more  fm^^ 
TJMniiilicfeArattOEeflulMee,  properlj  so  cdlBd^  wku 
tktxerted  fioree  is  ohsenred  fe»  podMe  ite  fail  effect 
3b8»7tk«iilim  w  nMtanee,  k  tkenfots  a  ittl  »» 
fwwpliau  of  the  wmj  m  wlikh  nwrhnnicil  fimes  ham 
apcnted  in  Ihe  callifliiM  of  bodiM.    Tbtreisoomoreie- 
liitMico  in  theie  cant  than  in  any  other  oatanl  chaagef 
of  condition.    We  ml  gaSkjj  hoaravcr^  of  tha  wna  iaa^ 
ftofrieiy  of  hngnage  in  other  ca«0,  whert  the  oame  of 
ititmamendaat«    WosaythntcolonrtingninfMatthe 
action  of  aaap  and  of  theaan,  bat  that  the  Pmiriaa  Uao 
dooi  aaC.    Wo  all  peraeive,  that  in  this  e^fCHion  tha 
word  nwmlmnai  is  antirei j  figutatire ;  and  wa  ahawM  aaj 
that  PrvMan  hiue  remte  aoap,  if  we  are  ri|^t  in  mjiag 
that  a  bodj  resisto  anj  force  employed  to  change  its  state 
of  motion ;  for  soap  must  be  employed  to  discharge  or 
chaage  the  colour ;  and  it  does  dange  it.    Force  nmst  be 
^ployed  to  change  a  motion  ;  and  it  dou  change  it.    The 
impropriety,  both  of  thought  and  language,  is  plain  io 
the  one  case,  and  it  is  no  less  real  in  the  other.    Both  of 
the  tanno,  Mtreal  Jbree  and  jnerfia,  may  be  used,  with 
safety  Ibr  aUm^ting  longuaga,  if  we  ha  careful  to  ens- 
ploy  them  only  for  expressing,  either  the  mmfkfmA  offif^ 
mnering  in  the  former  Mtaie,  or  the  neoemhf  rf  emfbnfing 
a etiHain  determinate  frree^  m  erier  to  elnmge  thai  etate^^and 
tftee  emeid nU  theeighi  rfreeieiamce. 

86.  From  tha  whole  of  this  discussion  we  ieam,  that 
tha  d^inadona  from  uniform  motions  are  tiie  indieatioiis 
of  the  exiatance  and  agency  of  mechanical  forces,  and  that 
they  are  the  only  indications.  The  indication  is  very  sin^ 
pie,  mere  chnnge  of  place ;  it  can  therefore  indicate  no- 
thing but  what  is  fory  simf^,  the  something  competent 
to  the  pradoetion  of  the  very  motion  that  we  observe* 
And  when  two  changes  of  motion  are  precisely  simikr, 
they  indicate  the  same  thing.  Suppose  a  marinerls 
eeaipms  tm  the  toble>  and  that  by  a  small  tap  with  my 

Digitized  by  VjOOQIC 


4t  Vt^AMl€S; 

finger  1  eaute  the  needle  to  tern  off  from  its  ^uieseent 
position  10  degrees.  I  can  do  the  same  thing  by  brioging 
a  magnet  near  it;  or  by  bringing  an  electrified  body  nciar 
it ;  or  by  the  unbending  df  a  fine  spring  pressing  it  aside ; 
or  by  a  puff  of  Irind;  or  by  several  other  methods.  In 
all  these  cases^  the  indication  is  the  same ;  therefore  the 
thing  indicated  is  the  same,  namely,  a  certain  intensity 
and  direction  of  a  moving  power.  How  it  operates,  or  in 
what  manner  it  exists  and  exerts  itself  in  these  instances^ 
outwardly  so  di£fcrent,  is  not  under  consideration  at  pre* 
aent  Impulsiveness,  intensity,  and  direction,  are  all  the 
circumstances  of  resemblance  by-  which  the  affections  of 
matter  are  to  be  characterised ;  and  it  is  to  the  discovery 
and  determination  of  these  alone  that  our  attention  is 
now  to  be  directed*  We  are  directed  in  tUs  research  by 
the 

SECOND  LAW  OF  MOTION, 

Every  change  of  motion  is  proportional  to  the  force  impreasei^ 
and  is  made  in  the  direction  of  that  force, 

37.  This  law  also  may  almost  be  considered  as  an  ideo- 
tical  proposition  ;  for  it  is  equivalent  to  sayings  that  the 
changing  force  is  to  be  measured  by  the  change  which  it 
produces,  and  that  the  direction  of  this  force 'is  the  direc- 
tion of  the  change.  Of  this  there  can  be  no  doubty  when 
we  consider  the  force  in  no'  other  sense  than  that  of  the 
cause  of  motion^  paying  no  attention  to  the  form  or  man- 
ner of  its  exertion.  Thus,  when  a  pell^  of  tow, is  shot 
from  a  pop-gun  by  the  expansion  of  the  air  oompressed  by 
the  rammer,  or  where  it  is  shot  from,  a  toy  pistol  by  the 
unbending  of  the  coiled  wire,  or  when  it  is  nicked  away 
by  the  thumb  like  a  marble— -U*,  in  all  these  cases,  it 
moves  off  in  the  same  direction,  and  with  the  same  velo- 
city, we  cannot  consider  or  think  of  the  forc^  or  at  least 
of  its  exertion,  as  any  how  different  Nay,  when  it  is 
drivm  forward  by  the  instantaneous  percusaloo  of  a  smart 
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stroke,  allb6ugh  the  tMm^  of  produciag  thiii  effeet  (!f 
possible)  is  Miwiinlly  differeni  from  what  is  conedved  us 
tbeiOthereaMS)  we  must  still  think  that  the  propelling 
foree,  coAsidered  as  a  propelling  force,  is  one  and  the 
ssme.  In  short,  this  law  of  motion,  as  thus  e«pre«ed  bjr 
Sir  Isaac  Newton^  is  equivalent  to  saying,  <<  That  we  tako 
the  ehanges  of  motion  as  the  measures  of  the  changing 
forces,  and  the  direction  of  the  change  for  the  ixidicatioa 
ef  the  direction  of  the  forces  ^  For  no  reflecting  permm 
can  pretend  to  saj,  that  it  is  a  deduction  from  the  aci- 
knowledged  principle^  that  effects  are  proportional  to  Uieir 
causes.  We  do  not  affirm  this  kw,  from  having  observed 
the  proportion  of  the  forces  and  the  proportion  of  the 
changes,  and  that  these  proportions  are  tjiesame;  and 
from  hanng  observed  that  this  has  obtained  through  the 
whole  extent  of  our  study  of  nature*  This  would  indeed 
establish  it  as  a  physical  law,  an  universal  fact ;  and  it  ia 
in  fact  so  established.  But  this  does  not  ostablish^it  as  a 
Jaw  of  motion,  according  to  our  definition  of  that  term  4 
as  a  law  of  hpoi^  thought,  the  result  of  the  relations  of 
our  ideas,  as  an  intuitive  truth.  The  injudicious  attempt! 
of  pbilosophera  to  prove  it  as  a  matter  of  observati(»^ 
Lave  occasioned  the  only  dispute  that  has  arisen  in  mecha^ 
nieal  philosophy.  It  is  well  known,  that  a  bullet,  moving 
with  double  velocity,  penetrates  four  times  as  far.  Many- 
other  simil^  facts  corroborate  this  i  and  the  philosophers 
observe,  that  four  times  the  fojrce  has  been  expended  to 
generate  this  double  velocity  in  the  bullet ;  it  requires  four 
times  as  much  powder.  In  all  the  examples  of  this  kind, 
it  would  seem  that  the  ratio  of  the  forces  employed  has 
been  very  accurately  ascertained ;  yet  this  is  the  invaria* 
ble  result  Philosophers,  therrfore,  have  concluded,  that 
mof  ing  forces  are  not  proportional  to  the  velocities  which 
they  [nroduce,  but  to  the  squares  of  these  velocities.  It  ia 
a  strong  confirmation,  to  see  that  the  bodies  in  motion 
,$pem  to  pos9e98  forces  \tk  this  very  proportioji,  and  produce 
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when  the  relocitj  is  011I7  twiee  as  great,  &c. 

But  if  tUs  be  a  just  estimatioB,  we  eaanot  reeoncile  it 
to  the  eoiioession  of  the  same  frfiHosophers,  who  grant  that 
the  rdfodty  is  proportfamal  to  tiie  force  impressed,  in  the 
eases  where  we  have  no  previous  obBervation  of  the  ratio 
of  the  forces,  and  of  its  equalitj  to  the  ratio  of  the  veio* 
cities.  This  is  the  case  with  gravitj,  whidi  these  philo^ 
80|riiers  always  measure  by  its  accelerating  power,  or  the 
velocity  which  it  generates  in  a  given  time.  And  this 
cannot  be  refused  by  them ;  for  cases  occur,  where  the 
fime  can  be  measured,  in  the  most  natural  manner,  by 
the  actual  pressure  which  it  exerts.  Gravily  is  thus  mea- 
sured by  the  pressure  which  a  stone  exerts  on  its  supporta* 
▲  weight  whidi  at  Quito  will  pull  out  the  red  of  a  spring 
steelyard  to  the  mark  318,  will  pull  it  to  SIS  at  Spitv- 
bergen.  And  it  is  a  fact,  that  a  body  will  fall  SIS  inches 
at  Spitsbergen  in  the  same  time  that  it  falls  S18  at  Quitow 
£kaYltation  is  the  cause  both  of  the  pressure  and  the  fail ; 
and  it  is  a  matter  of  unexcepted  observation,  tbat  thejr 
liave  always  the  same  ratio.  The  philosophers  who  have 
io  strenuously  maintained  the  other  measure  offerees,  are 
among  the  most  eminent  ef  those  who  have  examined  the 
wotiods  produced  by  gravity,  magnetism,  electricity,  fcc. ; 
and  they  never  think  of  measuring  those  forces  any  other 
way  than  by  the  velocity.  It  is  in  this  way  that  the 
whole  of  the  celestial  phenomena  are  explained  in  perfiect 
uniformity  with  observation,  and  that  the  Newtonian  phi- 
losophy is  considered  as  a  demonstrative  science. 

There  must,  therefore,  be  some  defect  in  the  principle 
Oft  whkh  the  other  measurement  of  forces  is  built»  or  in  the 
method  of  applying  it.  Pressure  is  undoubtedly  the  im- 
mediate and  natural  measure  of  force ;  yet  we  know  that 
four  springs,  or  a  bow  four  times  as  strong,  give  only  a 
double  velocity  to  an  arrow. 

The  truth  (^  o<ur  law  rests  on  tlus  only,  that  we  assume 
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ike  dMDget  of  motiott  as  tlw  nomue  of  tte  ebangiog 
Cones;  or,  at  kast,  as  tbe  moasiirea  of  lheip«Berlioas  in 
fnioaog  ntotioii.  In  fadi  Uiejr  are  the  BMasures  only 
ef  a  certaiB  circuiiistaiioe,  in  whick  the  aetiosM  of  rery 
^Uferait  natural  powers  may  resemble  eaeh  other;  nametyy 
the  eompetency  to  pradooe  motion.  They  do  not,  pcrhi^ 
neasnre  their  conqpetency  to  prodnee  heat,  or  eren  to 
hsnd  springs.  We  can  snrely  consider  due  apart  from  ail 
sther  cirenmstanoes ;  and  it  is  worthy  of  separate  eonsi* 
deration.  Let  ns  see  what  can  be,  and  what  ought  to  bc^ 
deduced  from  this  way  of  treating  the  snbject. 
S8l  The  motion  of  a  body  may  certainly  semainnnchangcd. 
If  ^  direetioo  and  velocity  remain  tbe  asase,  we  peveetve 
no  circnmstanee  in  which  its  condition,  with  respect  to 
moCioB,  dfiftrs.  Itsehangeof  place  or  situation  can  uke 
no  diierenoe^  for  this  is  implied  in  the  very  circumstance 
of  the  bodies  being  m  motion. 

Bat  if  either  the  vek>city  or  durection  change^  Aai 
sorely  is  its  nMchaoical  condition  no  tonger  the  same ;  a 
face  has  neled  on  it,  either  intrhssic  or  from  without, 
either  accelerating,  or  retarding,  or  deflecting  it.  Suppoa- 
ing  the  diieotion  to  remain  thesame,.itsdiflhrenoeof  con* 
dBtion  can  consist  in  nothing  bat  its  diflference  of  velocity. 
This  is  the  only  circumstance  in  which  its  condition  can 
difier,  as  it  passes  throngh  two  different  points  of  its  rec« 
tilineal  path.  It  is  this  determination  by  which  the  body 
will  describe  a  certain  determinate  space  uniformly  in  n 
given  time,  which  defines  its  condition  as  a  moving  body : 
the  changes  of  this  determination  are  the  measures  of  their 
e«m  causes  ;--— end  to  those  causes  we  have  given  the  name 
firee.  Those  causes  may  reside  in  other  bodies,  which 
amy  have  other  properties,  characterised  and  measured  by 
sther  effects.  Pressore  may  be  one  of  those  properties^ 
sad  may  have  its  own  measures ;  theae  nmy,  or  may  not» 
have  the  same  proportion  with  that  pioperty  which  is  the 
Cftuie  of  a  change  of  velocity :  and  therefore  changes  of 
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'f  elocity  mnf  ilot  be  a  measure  of  preasiHre.  Thii  is  k 
question  of  iact,  and  requires  observation  and  experience  ? 
buty  in  the  mean  time,  velocitj^  and  the  change  of  veto* 
citjr^  is  the  measure  of  moving  force  and  of  changing  force. 
ytben  therefore  the  change  of  Telocity  is  the  same,  what-^ 
rrer  the  previous  velobit  j  maj  be,  the  changing  force  must 
lie  considered  as  the  same;  therefoi'e^  finallj^  if  the  previ* 
0us  Teloeity  is  niothittg^  and  consequently  the  change  on 
that  body  is  the  very  yelooity  or  motion  that  it  a^uires^ 
y$e  must  say  that  the  force  which  produces  a  certain  change 
in  the  velocity  df  a  moving  body,  is  thcf  same  with  thd 
Ibrce  vl^hich  wouM  impart  to  a  body  at  rest  a  v^odty 
equal  to  this  change  or  dtflference  of  velocity  produced  oil 
tiie  body  ahready  in  motion. 

•  This  manner  of  estimating  force  is  in  |iierfect  <5Dnformit7 
to  our  most  familiar  notions  on  these  subjects.  We.  coin 
ceive  the  weight  or  downward  pressure  of  a  body  as  the 
rause  of  its  motion  do#nwards ;  and  we  conceive  it  as-be- 
longing  to  the  body  at  all  times,  and  in  alt  places^  whether 
falling,  or  rising  upwards^  or  describing  a  parabola^  or  ly-s 
ing  on  a  table  i  and,  accordingly,  we  observe,  that  in  eveij. 
state  of  motion  it  receives  equal  dianges  of  vdocity  iot 
the  same,  or  an  equal  time^  and  all  in  the  direetioB  of  itt 
pressure. 

All  that  we  have  noiHr  said  of  a  change  of  velodty  mighb 
be  repeated  of  a  change  of  direction.  It  is  surely  possible 
that  the  same  change  of  direction  may  be  made  on  anyr 
two  motione.  I/et  one  of  the  motions  be  considered  aa 
growing  eontinually  slower^  and  terminating,  in  rest.  Inr 
every  idstaat  of  thia  motion  it  is  possible  to  make  one^ 
end  the  safiae  change  on  it.  The  same  ehaoge  may  there< 
Iblre  be  made  at  the  very  instant  that  the  motion  is  at  aa 
end  In  this  case,  the  change  is  the  very  motion  whicb 
the  body  acquires  from  the  changing  force.  Therefore^ 
VBk  this  case  also»  we  must  say^  that  a  change  of  motion  ie 
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kself  ft  motion,  lurd  that  it  is  the  motioii>iHiich  like  force 
woeM  produce  in  a  body  that  was  previously  at  rest 

The  result  of  these  observatioas  is  evidently  this,  that 
we  must  ascertain,  in  every  instance,  what  is  the  change 
of  motion,  and  mark  it  by  characters  that  are  conspicuous 
and  distinguishing ;  and  this  mark  and  measure  of  change 
must  be  a  motion  c  Then  we  must  say,  that  the  changing 
force  is -that  vrhich  would  produce  tUs  motion  in  a  body 
previously  at  rest  We  must  see  how  this  is  manifest,  as  s 
cfaangeof  motion  is  the  difference  between  the  former  motioa 
and  the  new  motion ;  and,  on  the  other  hand,  we  must  see 
how  the  motion  phnluceable  in  a  quiescent  body  may  be 
so  combined  with  a  motion  already  existing,  as  to  exhibit 
a  new  motioiH  in  which  the  agency  of  the  changing  force 
may  appear. 

'  Suppose  a  ship  at  anchor  iik  a  stream ;  while  One  man 
walks  forward  on  the  quarter  deck  at  the  rate  of  two  miles 
per^hoUTy  another  walks  from  stem  to  stem  at  the  same 
rate,  a  third  walki  athwart  ship,  and  a  fourth  stands  stili^ 
Let  the  ship  be  supposed  to  cut  or  part  her  cable,  and 
float  down  the  stream  at  the  rate  of  three  miles  per  hour* 
We  cannot  conceive  any  diiSerence  in  the  change  made  on 
eteh  man^s  BEiotion  in  absolute  space ;  but  their  motions 
tae  now  exceedingly  different  from  what  they  were :  the 
firat  man,  ^hom  we  may  suppose  to  have  been  walking 
westward,  is  nOw  moving  eastward  one  mile  per  hour; 
the  second  is  moving  eastward  four  miles  per  hour ;  and 
the  third  is  moving  in  an  oblique  direction,  about  three 
points  north  or  south  of  due  east.  All  have  suffered  the 
tame  change  of  condition  with  the  man  who  had  been 
standing  still.  He  has  now  got  a  motion  eastward  three 
miles  per  hour.  In  this  instance,  we  see  very  well  the 
circumstance  of  sameness  that  obtains  in  the  change  of 
these  four  conditions.  It  is  the  motion  of  the  ship,  which 
is  blended  with  the  other  motions.  But  this  circumstance 
is  equally  present  whenever  the  same  previous  motions  aro 
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dMoged  isio  the  tme  mw  motiom.  We  must  leuni  ta 
expiscate  tliis ;  which  we  shall  do,  bj  eoniiderhig  the  man* 
acr  in  which  the  motkii  €f  the  ship  u  blended  with  eeeh 
ef  the  ineii*9  molions* 

42.  This  kiad  of  combiiietien  hat  been  caUed  the  oom^ 
NiiTKm  eF  wenov ;  beeuae,  in  everj  point  of  the  ttM>* 
tkm  really-  pnimed,  the  two  motions  are  to  be  fannd. 

The  fundamental  theorem  on  thu  nrbfeet  h  thiti-^Two 
wnifoott  motions  in  the  sides  of  a  paralltlognun  eomposi 
•n  nnifom  motion  in  the  diagonal. 

Sniqiose  that  n  point  A  (Plate  L  fig.  1.)  describee  AB 
noirarmly  in  some  given  time,  while  the  line  AB  is  esr» 
lied  wnfotmdy  dang  AC  in  the  same  time,  keeping  alwaye 
panDel  to  its  first  position  AB.  The  point  A^  bjr  the 
combination  of  these  motions,  will  describe  AD,  the  diago* 
nal  of  the  paiisllelofpraBi  ABDC»  nniformljr  hi  the  anne 
time; 

For  it  is  pkin,  that  the  Teioctties  in  AB  nnd  AC/m 
proportional  to  AB  and  AC,  becanse  thejr  are  unifbrmlf 
iessribed  in  the  aame  time.  When  the  point  has  got  to 
E,  the  middle  of  AB,  the  Hoe  AB  has  got  into  the  sitnn« 
ntion  &H,  half  way  between  AB  and  CD,  nnd  the  point 
£  is  in  the  pkoe  4,  themiddleof  6VL  Draw  BcLpn^ 
nllel  to  AC.  It  u  plain,  that  the  pamllelogimns  ABDC 
and  AE  c  G  are  snnilar ;  because  AE  and  AO  are  the 
hahres  of  AB  and  AC,  and  the  angle  at  A  is  common  to 
loth.  Therefore,  (Enelid,  Book  VI.  Prop,  xxvl)  thqr 
are  about  the  same  £agonal,  and  the  point  e  is  in  the  dia« 
gonal  of  AD.  In  like  manner,  it  maj  be  shewn,  that 
whea  A  has  described  AF,  fths  of  AB,  the  line  AB  wUl 
be  in  the  situation  IK,  so  that  Al  is  f  ths  of  AC,  and  the 
point/,  in  which  A  is  now  found,  ia  in  the  diagond  AD^ 
It  will  be  the  same  in  whaterer  point  of  AB  the  describing 
pmnt  A  be  supposed  to  be  found.  The  line  AB  will  be 
•n  a  simibur  point  of  AC^  and  the  deaeribing  point  will  be 
m  the  fiagonal  AD* 
i 
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Moreover)  the  motion  in  AD  is  uniform ;  for  A  e  is 
described  in  the  time  of  describing  AE ;  that  is,  in  half 
the  time  of  describing  AB,  or  in  half  the  time  of  de- 
scribiiig  AD.  In  like  manner,  A/  is  described  in  |ths 
of  the  time  of  describing  AD^  &c.  &c.  < 

Lastly,  the  velocity  in  the  diagonal  AD  is  to  the  velo- 
city in  either  of  the  sides  as  AD.  is  to  that  side.  This  is 
eridenty  because  they  are  uniformly  described  in  the  same 
time. 

-  This  is  justly  called  a  eamposttion  of  the  motions  AB  and 
Ac,  as  will  appear  by  considering  it  in  the  following  ipaj^r 
net:  Let  the  lines  AB  AC  be. conceived  as  two  material 
lines  like  wires.  Let  AB  move  uniformly  from  the  situ- 
atmn  AB  into  the  situation  CD^  while  AC  moves  uni- 
IbrmLy  into  the  situation  BD..  It  is  plain,  that  their  in- 
tersection will  always  be  found  on  AD.  The  point  e,  for 
example,  is  a  point  common  to  both  lines.  Considered  as 
a  point  of  EL,  it  is. then  moving  in  the  direction  eH  or 
AB ;  and,  considered  as  a  point  of  6H,  it  is  moving  in 
the  direction  e  L.  Both  of*  these  motions  are  therefore 
blended  in  the  motion  o£  the  intersection  along  AD.  We 
tan  conceive  a  small  ring  at  c,  embracing  loosely  both  ;of 
the  wires.  This  material  ring  will  move  in  the  diagonal, 
and  wiU  rtaUjf  partakt  of  both  motions. 

Thus  we  see  how  the  motion  of  the  ship  is  actftally 
blended  with  the  motions  of  the  three  men ;  and  the  cir- 
ieomstance  of  sameneiss  which  is  to  be  found  in  the  four> 
changes  of  motion  is  this  motion  of  the  ship,  or  of  th^ 
man  who  was  standing  stilL  By  composition  with  each 
-of  the  three  former  motions^  it  produces  each  of  the  three 
new.  motions.  Now^  when  each  of  two  primitive  motions 
is  the  same,  and  each  of  the  new  motions  is  the  same,  the 
.(hange  is  surely  the  same.  If  one  of  the  changes  has  beeii 
•  brought  about  by  the  actual  composition  of  motions,  we 
know  precisely  wh^t  that  change  is ;  and  this  informs  us 

TOL.  li  J» 
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trlutt  the  other  is,  in  wlrttteit^r  fmy  it  was  prMluoed. 
Hence  we  iiifery  tint 

AS.  Whm  a  MMtiM  trttnjr  Am9  tskangti^  the  ekeengt  u  dmi 
ma^itmwhickf  whtntamp^umkiitiM  the  farmer  m&tim^  wHl 
produce  the  new  molcefi.  Nbw,  becftvie  we  ttiMtne  ihm 
iSksnge  as  tlie  meesiire  tmA  ckaracterislic  of  tlie  clMmgiug 
force,  we  nmst^o  to  in  the  present  ki«taace;  aMd  trt 
mtiBt  say, 

44.  That  ihe  changing  farce  is  thai  which  will  pradnee  «a 
o  futesecMe  hfy  cAe  me/titn  taAteft,  bf  tmnpeiHion  wUk  ike 
forfmrniiMomofeLh&fy^  wiUf/rodfi^AemwmMimi. 

And,  on  the  otter  hand, 

WhrntStemMenf^'ahoigiM  thmgeiiy^attkmfifnnjf 
firte,  the  new  laoMtm  n  A&t  wkidh  ie  t^mpeumhi  efihe  fan- 
isntr  utefioM,  ittWa  'ef  (tAe  mafUMi  lutein  wne  farce  weeM  preentoe 
fttgyaiiawBWtitmiy, 

"Wliea  a  force  tihanges  the  dkMtion  of  a  mation,  we 
tee  that  its  dinedtiem  vs  transverse  in  some  anjie  BAG; 
l»eome  a  dk^nal  AD  always  sni^xises  two  sides.  As 
"m^  have  ^tin|purfied  any  ^ange  of  directfon  by  the 
term  Dsn.nenoir,  we  may  eaN  the  transvove  tbvet  a  nn- 
yiacmro  mmca. 

In  tins  way  of  esliniating  a  efange  of  inotion,  sll  the 
characters  of  both  notions  are  preserved,  and  It  expresses 
ef^  cireunutanee  of  the  change ;  the  mere  change  of 
direction,  or  the  ang^  BAD,  is  not  enon^,  because  the 
4M»ne  force  will  make  dilfereMt  anjfles  of  defleetion,  ne- 
Mrding  to  the  vdocity  ef  the  fomer  niotiott,  or  accord- 
ing to  its  directiesi :  bat  in  <!his  eitimaltion,  the  fnH  effect 
«r  the  deflecting  force  is  seen ;  It  is  seen  at  a  mMm;  for 
when  hdf  i>r  the  time  is  dapsed,  the  body  is  at  e  instead 
tif  E ;  when  three-fourths  are  elapsed,  it  is  ait  /  instead 
«f  !F;  and  at  the  ^d  of  the  time  it  fa  at  B  instead  of  B. 
Iti  dhort,  the  body  iias  moved  nniformly  away  (ram  the 
points  at  which  it  'wodd  have  anrived  independent  of  the 
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ehangt ;  and  this  motiott  bat  been  in  tbe  tame  direction^ 
nd  at  the  tame  rate,  as  if  it  bad  mof  ed  from  A  td  C  hj 
tb«  chaiyng  foree  aion^  Eaieh  force  hat  prodncad  its 
full  effect ;  for  when  the  body  it  at  D^  it  is  at  far  from 
AC  as  if  the  foite  AC  bad  not  acted  on^it;  and  it  is  as 
bt  from  AB  as  it  webld  bare  been  b]r  the  aetioo  of  AC 


Fei^  all  ibeae  naosn^  tbensfore^  it  is  erident,  tliat  if 
^  akw  to  aUde  bjr  our  measmv  and  eharaoter  of  foree  as 
anerie  pifOda»Ht  of  motion,  we  baire  scleiDted  thk  propet 
thsraeteftiatalB  and  adeasure^f  a  dianging  force;  and  e«t 
deseriplMSM^  in  ^oaformitf  to  ilils  eeleetion,  must  be  agree* 
d»le  to  the  pbenenena  Of  nature,  and  retain  tbe  aeenracy 
of  gsomctritoal  ptoeidtire ;  bticause,  on  tbe  other  band^ 
the  lesolis  which  we  dedoee  from  the  supposed  influence 
of  those  fohses  dre  fbrmed  in  tbe  same  monkL  It  is  not 
^vcn  reqairite  that  tbe  real  eoertions  of  tbe  Oatnral  forces^ 
saeb  as  presiure  of  varioiis  binds>  &c.  shall  follow  these 
iraks ;  for  their  deviations  srtU  be  coosidertd  as  new  fooreesj^ 
althoo^  tbi^  dre  anlj  indications  of  tbe  difierencsa  of 
the  leal  fotces  fiNkn  our  hjpotbeeb*  We  bare  obtained 
the  predostt  advantage  of  motbematfcal  investigation,  bf 
which  we  tan  e^uunine  the  law  of  ezertioo  which  ehame* 
isrisea  everj-  fisree  tit  nature. 

On  these  ptindpks  we  establisli  tbe  folldwittg  flinda^ 

lesntal  detnentary  ptofwsitioii^  of  continual  and  indies 

t^asable  use  in  nil  meebanical  inifuiries. 

^.Ifaho^w^wuUfialjkifHeh  be  iub^eied  at  the  tomtit^ 

io  Oie  itdion  ^  two  itMfingfareeBy  iadi  of  wAfol  waM 

MfMifwO^  emme  it  to  ie^anbt  the  niicfm  pmxdklogram 

wufwmff  «a  d  gmn  iime,  lAs  bod^  wUl  iMtribc  ih  dio- 

pm$d  mdfiritdy  ta  Ik  soiae  tAne. 

t^or  the  body,  whose  motion  AB  was  changed  into  AD^ 

W  gotten  its  fnoiiOn  by  the  action  of  some  feree»     It 

wss  moving  idong  NAB ;  and,  when  it  reached  tbe  point 

A,  the  force  AC  acted  on  its   The  pnaiiUve  motion  li 
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die  same,  or  the  bodj  is  in  the  same  condition  in  every 
instant  of  the  primitive  motion.  It  may  liave  acquinMl 
this  motion  when  it  was  in  N,  or  when  at  O,  or  any  other 
point  of  N  A.  In  all  these  cases,  if  AC  act  on  it  when  it 
is  in  A,  it  will  always  describe  AD;  therefore.it  will  de« 
scribe  AD  when  it  acquires  the  primitive  motion,  also  in 
A ;  that  is,  if  the  two  forces  ai^t  on  it  at  one  and  the  same 
instant.  The  demonstration  may  be  neatly  expressed  thus : 
The  change  induced  by  each  force  on  the  motion  produced 
by  the  other,  is  the  motion  which  it  would  produce  in  the 
body  if  previously  at  rest.  Therefore  the  motion  resulting 
from  their  joint<action  is  the  motion  which  is  compounded 
of  these  two  motions ;  or  it  is  a  motion  in  .the  diagonal  of 
the  parallelogram,  of  which  these  motions  are  the  sides. 
-  Thb  is  called  the  CoMrosixioii  op  Forccs.  The  forces 
which  produce  the  motions  along  the  sides  of  the  paraU 
lelogram  are  called  the  Simplb  Forcbs,  or  the  Consti^ 
vcjBNT  Forces  ;  and  the  force  which  would  alone  produce 
the  motion  along  the  diagonal  is  called  the  Compound 
FoRCB,  the  Bbsultino  Forcb,  the  EQuiviiLBirT  Forobi 

4&  On  the  other  hand,  the  force  which  produces  a  mo^ 
tion  along  any  line  whatever,  may  be  conceived  as  result^ 
ing  from  the  combined  action  of  two  or  more  forces.  -  We 
may  know  or  observe  it  to  be  ao\  as  when  we  see  a  lighter 
dragged  along  a  caiial  by  two  horses,  one  on  each  side : 
Sacfa  puUs  the  boat  directly  toward  himself  in  the  direct 
tion  of  the  track-rope ;  the  boat  cannot  go  both  ways  ) 
and  its  real  motion,  whatever  it  is,  results  from  this  com- 
bined action.  This  might  be  produced  by  a  single  force ; 
for  example,  if  the  lighter  be  dragged  along  the  canal  by 
a  rope  from  another  lighter  which  precedes  it,  being  drag* 
ged  by  one  horse,  aided  by  the  helm  of  the  foremost  light* 
er.  Here'the  real  force  is  not  the  resulting,  or  the  cOm* 
pouivl,  but  the  equivalent  force. 

T|u3  view  of  a  motion,  mechanically  produced,  is  calU 
ipd  the  Bbsplution  op  Forcxs.    The  force  in  the  diagon^ 
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is  said  to  be  re9olvti  into  the  two  forees^  liaving  the  du 
lections  and  yelocities  represented  hj  the  side^  This 
practice  is  of  the  most  extensive  and  multifarious  use  in 
aH  mechanical  disquisitions.  It  may  frequentlj  .be  ez- 
ceedingl  J  difficult  to  manage  the  complication  of  the  many 
real  forces  which  concur  in  producing  a  phenomenon ;.  and 
hf  substituting  others,  whose  combined  effects  are  equii- 
▼alent,  our  investigation  maj  be  much  expedited.  But 
more  of  this  afterwards. 

We  must  carefully  remember,  that  when  the  motion 
AD  is  once  begun,  all  composition  is  at  an  end,  and  the 
knotioa  is  a  simple  motion.  The  two  determinations,  by 
yme  of  which  the  body  would'  describe  AB,  and  by  the 
t>ther  of-  which  it  would  describe  AC,  no  longer  eo*€xist 
in  the  body.  This  was  the  case  onljrtit  the  instanty  in  the 
▼ery  act  of  changing  the  motion  AB  into  the  motion  BD ; 
yet  is  the  motion  AD  equivalent  to  a  motion  which  is 
produced  by  the  aetwal  compontton  of  two  motions  AB  and 
AC;  in  which  case  the  two  motions  co*exist  in  every 
point  of  AD. 

47.  Accordingly,  this  is  the  way  in  which  the  composi- 
tion of  forces  is  usually  illustrated,  and  thought  to  be  de- 
monstrated. A  man  is  supposed  (for  instance)  to  walk 
uniformly  from  A  to  C  on  a  sheet  of  ice,  while  the  ice  is 
carried  uniformly  along  AB  by  the  stream.  The  man^s 
real  motion  is  undoubtedly  along  AD ;  but  this  is  by  no 
means  a  demonstration  that  the  instantaneous  or  short- 
lived action  of  two  forces  would  produce  that  motion:^ 
the  man  must  continue  to  exert  force  in  order  to  walk, 
and  the  ice  is  dragged  along  by  the  stream.  Some  indeed 
-express  this  proof  in  another  way,  snying,  let  a  body  de- 
scribe AB,  while  the  space  in  which  this  motion  is  per- 
formed is  carried  along  AC.  The  ice  may  be  carried 
•along,  and  may,  by  friction,  or  otherwise,  drag  the  man 
:abBgwithit;  but  a  space  cannot  be  removed  from  one 
-place  to^notherj^  nor,  if  it  could^  would  it  t^ke  the  man 
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wkh  It.  SiMild  a  ibip  ttait  luddtolj  forwaid  whlk  M 
■um  u  mdldiig  acvHs  Itedn^  fae  #*«14  be  MtMiM* 
and  fall  toward  tlie  itern.  Wf  anurt  «qifQte  a  traaiT^iw 
forcei»  and  wa  must  twpput  th^  ootopMitioH  Of  M^U  force 
iritboot  proof.    TUb  is  no  deBMmtiratioH. 

We  apprehend)  that  the  dcmonstratioa  givea  a^iare  el 
4lu8  fandameiital  propontioii  is  iuiexceptioiiable»  when  tht 
terms  j«>i^  and  d^keHom  art  m^  in  the  abstract  sens^ 
which  we  haye  affixed  to  them ;  and  we  bope>  bgr  tbes^ 
meanS)  to  biamtain  the  rigour  of  aiatheiaatical  disousiion 
in  all  our  futufe  disquisitions  on  these  suluecti;  The  onljr 
drcnnutaace  in  it  which  con  be  the  subject  of  dlsmssion 
ss»  whether  we  have  sdected  the  proper  aseasur^  and  cba* 
racteristtc  of  a  change  af  ii|otiQn.«^Wt  nef^r  met  with 
any  objection  to  it 

46.  But  some  have  still  osaintained,  that  it  does  not 
evidently  appear,  from  these  principles^  that  the  motion 
which  results  firqip  the  joint  action  of  two  natural  powcrsy 
whose  known  and  measiirabie  intensities  baf^  the  same 
proportions  with  AB  and  BC,  and  which  also  exert  them- 
s^ng  in  those  directioiis,  will  produce  a  motipo,  bating 
the  direction  and  propcMtion  of  AD.  They  will  not»  if 
the  velocities  produced  by  these  forces  are  not  in  the  pr^ 
portion  of  those  intensities,  but  in  the  siihduplicate  ratio 
pf  them.  Nay,  they  sayi  that  >t  is  not  qo.  If  a  body- 
be  impelled  along  AC  by  one  spring,  and  along  AB  by 
two  springs  equally  strong,  it  will  not  deeeribe  the  diago- 
nal of  a  parallelogram,  cA'  which  the  sale  AB  is  double 
the  side  AC.  Nay,  they  add,  that  an  indefinite  number 
of  examples  can  be  given  where  a  body  d^u  aef  describe  < 
the  diagonal  of  the  parallelogram  by  the  joint  action  of 
two  forces,  which,  separately,  would  cause  it  to  describe 
the  sides.  And,  lastly,  they  say,  that,  at  any  ratCt  it 
does  not  appear  evident  to  the  mind,  that  two  mokmenis 
to  nmtion,  having  the  directions  and  the  same  proportion 
of  inteniitj  with  that  of  the  sides  of  a  peralIelQgram>  ac? 
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taiII]rgtsc9ilQa«lkd»  wkkb  k  Oe  kwniUMe  c»im  of 
titt  moliM  i»  the  diiigoii«L  A»  cqiiind^t  ftirw  is  qM 
liht  asMtf  vHlfe  ^  wmultrng  (oipt^  .  . 

dfwMnti  to  motioiiy  aad  tkiej  s^eia  a«  d^tcnwiBtteb  nA 
at  saacaplible  of  being  €0iiibii|f4  Igr  eonpip«iii4on,  «§  Ue 
tUogs  GBMod  moYiDg  fofce^,  wUfli  9m  sMfswro^k  by  the 
vtlodtitt:  we  aeeUiein  aotu^Uy aocomlii^wa  thoufnnd 
iMtuoM,  «a  IB  Ihe  exanple  filrcody  givw  of  a  Ugbttr 
Afigged  by  two  hovsfs  pvdUng  in  difieradt;  dumtiiMM. 
Mty»  cxperinient  tbowf,  UmA  thif  eompoiitiaii  fd)ow« 
imciidy  tbt  sajne  nilo  ai  the  oomposHion  of  tbe  furoaf 
wbich  «re  mcaaiired  by  the  vekicitiea;  for  if  (be  pwit  A 
(fig.  1.)  he  putted  by  e  Uueod^er  pressed  by  a  apving,  ia 
1^  durection  AB,  and  by  another  in  the  direetien  AQ, 
end  if  the  {Nwanveaare  proportional  ta  AB  and  AC,  thefi 
it  wiU  be  withheld  from  novifig,  if  It  be  pulled  or  preued 
17a  thivil  fivo^  acting  in  the  direction  AA  opp9site  to 
iD,  the  pressure  being  abo  preportianal  to  AIX  This 
fam,  acting  in  the  direeiion  A4»  wonld  earteioly  with- 
staad  am  equal  force  acting  in  the  direetian  AD;  tbera- 
fere  we  mnat  oenclnde,  that  the  two  pressures  AB  end 
AC  really  generate  a  foree  AD.  This  vniferm  agr^eeMnt 
aheirs  that  the  compositian  is  dednciUe  from  fi^ed  prii^ 
eqplaa;  but  it  doea  not  appear  that  it  can  be  held  a^  d^ 
■Muiatrated  by  the  ar|[uaiepts  i«iiplQyed  in  the  case  <»f  mch 
lions.  A  demeiwtration  of  the  composition  of  preaswe9 
is  still  wanted^  in  order  to  rmder  mechajpif^s  a  demonstra- 
tive BQias«e. 

Aceofdinglyf  philosopher?  of  the  fiM  etnin^aoe  have 
tamed  their  attention  to  thU  problem.  It  is  hf  no  mec^ 
eaqr;  being  10  nearly  allied  to  firet  principles,  that  it 
niiwt  he  difficult  to  find  axioois  of  greater  limiriipity  by 
which  it  may  be  proved. 

K^hanaeians  getierel^  eontented  themselves  with  the 
i^tioii  g^vm.h^  AvisiQtle;  but  tbi?  i^  merely  %  eonuponi* 
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tflon  of  motions :  indeed  be  does  not  give  itibr  any  thing 
else,  and  calls  it  <<  np$ifi$  rm  pwfktT"  The  first  writer  who 
appears  to  have  considered  it  as  different  from  the  mere 
composition  of  motions,  was  the  celebrated  Dutch  engi*- 
neer  Stevinus  in  his  work  on  Shdcts;  but  his  sdution  is 
obscure.  It  was  sufiicioit,  however,  to  convince  Danid 
Bernoulli  of  the  necessity  and  the  difficulty  of  the  pro* 
biem.  He  has  given  the  first  complete  demonstration  of 
it  in  the  first  volume  of  the  Commentaries  of  the  Impe* 
rial  Academy  of  Sciences  at  $t  Petersburgh.  It  is  ex» 
tremely  ingenious;  but  it  is  tedious  and  intricate,  re- 
Hquhring  a  series  of  fifteen  propositions  to  demonstrate  thai 
two  pressures,  having  the  directions  and  magnitudes  of  tlio 
sides  of  any  parallelogram,  compose  a  third,  which,  haa 
the  direction  and  magnitude  of  its  diagonal.  His  first 
proposition  is,  that  liso  egiio/ premires,  aaimg  at  right  w^ 
gUsy  campaat  a  thirds  m  the  dirtcUan  of  the  dutgmud  of  a 
^quare^  and  having  to  either  of  the  other  two  $he  frofortim 
rf  the  diagoMl  of  a  square  (o  ite  Mea. 

Mr  D^Alembert  has  greatly  simplified  and  improved 
this  demonstration,  by  beginning  with  a  case  that  is  self^ 
evident ;  namely.  If  three  equal  forces  are  tnetined  to  each 
other  in  equal  angles  of  120  degreesj  any  one  ofthemwiU  ba^ 
hmu  the  eomUned  action  of  the  other  twp.  Surely ;  for  nei^ 
ther  of  them  can  prevail^  Therefore  ftoo  equal  forces,  in^ 
clined  in  an  angle  of  180  degrees,  produce  a  third,  which 
has  the  direction  and  proportion  of  the  diagonal  of  the 
^rhombus ;  for  this  is  equal  and  opposite  to  one  of  the  three 
above  mentioned.  He  then  demonstrates  the  same  thing 
of  two  equal  forces  inclined  in  ai|y  angle ;  and  by  a  seriea 
of  eight  propositions  more,  demonstrates  the  general  th»» 
orem.  -This  dissertation  is  in  the  Memoirs  of  the  Ac»» 
demy  at  Paris  for  1769.  He  improves  it  still  fiurther  in 
a  subsequent  memoir. 

Mr  Riccati  and  Mr  Fonsenex,  in  the  Commentaries  of . 
the  Academy  of  Turin^  have  given  analytical  demonstra* 
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6oaMj  whfoh  are  also  verj  ingenious  tad  eoocise,  but  re* 

quire  aoquaintaiice  with  the  higher  Biathematica.— There 

ttuother  very  iagenious  demoustration  in  the  Jmrwal  dm 

Sfmang  for  June  1764^  but  too  obscure  for  an  elementarj 

propotitioD.    It  ia  somewhat  simplified  by  Belidor  in  his 

hgememr  FranfoU.    Frisius,   in   his  Cotmographia^  has 

giren  one,  which  is  perhaps  the  best  of  all  those  that  ara 

easily  comprehended  without  an  acquaintance  with  the 

b%her  mathematics :  but  we  imagine  that,  although  no  on# 

can  doubt  of  the  conclusion,  it  has  not  that  intuitive  enu 

dence  f<ir  every  step  of  the  process  that  seems  necessary.  • 

50.  We  here  offier  another,  composed  by  blending  toge* 

tlier  the  methods  of  Bernoulli  and  D^Alembert ;  and  w€ 

imagine  that  no  objection  can  be  made  to  any  step  of  it 

We  limit  it  entirely  to  pressures,  and  do  not  at  all  consi* 

der  Dor  employ  Uie  motions  which  they  may  be  supposed 

to  prodttce. 

(A)  If  two  equal  and  opponte  pressures  or  incitements 
to  motion  act  at  once  on  a  material  particle,  it  suffers  no 
change  of  motion ;  for  if  it  yields  in  either  direction  by 
their  joint  action,  one  of  the  pressures  prevails,  and  they 
are  not  equal. 

£qaaj  and  opposite  pressures  are  said  to  balaxcs  each 
other  I  and  such  as  balance  must  be  esteemed  equal  and 
opposite. 

(B)  If  a  and  b  are  two  magnitudes  of  the  same  kind, 
fvoportional  to  the  intensities  of  two  pressures  which  act 
ki  the  aame  direction,  then  the  magnitude  a^b  will  mea* 
mre  the  intensity  of  the  pressure, .  which  is  equivalent, 
sad  may  be  called  equal,  to  the  combined  effort  of  the 
ether  two  ;  for  when  we  try  to  form  a  notion  of  pressure 
es  a  measurable  magnitude,  distinct  from  motion  or  any 
other  efiect  of  it,  we  find  nothing  that  we  can  measure  it 
br  but  another  pressure.  Nor  have  we  any  notion  of  a 
double  or  triple  pressure  diflferent  from  a  pressure  that  is 
tqairalent  to  the  joint  effort  pf  two  or  three  equal  prev 
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•oraf.  A  pmnire •  it  accomited  triple  tf  a  prawurel^ 
if  it  bftluces  three  premarta,  ««ch  equMl  to  ^  acting  to» 
gether.  Therefore^  in  all  pr^KNrtioM  whUk  can  ha  ex^ 
pretnd  by  mmbert,  we  moil  acknawladge  t&e  kgiliiMM9r 
of  this  metstiremeiit ;  asd  it  would  saiely  be  aflSKteliaa 
to  omit  thoie  whkk  the  metbenatidaoe  call  iHfnawmai 

Id  like  manner^  tliemagiutQde«-«-iim»*beaclaio«^ 
kdged  to  meaaare  that  premire  which  aviaei  from  the  joint 
octioji of  two  premres  a  and  ^acting  in  opposite  dife»> 
tionsy  of  which  a  is  the  greatest. 

(C)  Let  ABCD  and  Ai  Cd  (fig.  A  bottom  of  Plate  I.) 
be  two  rhombosesy  which  haTe  the  conunan  diagonal  AC 
Let  the  angles  BAb^  BAd,  be  bisected  bj  the  straight 
lines  A£  and  AF. 

If  there  be  drawn  from  the  points  E  and  F  the  linea 
EG,  EH,  ¥gf  FA,  making  equal  angles  on  each  side  af 
£A  and  FA,  and  if  Ggv  HA  be  drawn,  cutting  the  dio- 
gonal  AC  in  I  and  L :  then  AI  +  AL  will  be  greater  or 
less  than  AQ,  the  half  of  AC,  aeoordiog  aa  the  angtea 
OEH)  jT  FA,  are  greater  or  less  than  GAH»  ^  AA. 

Draw  GH,  ghj  cutting  AE  AF,  in  O  and  #,  and  draw 
Oo^  cutting  AC  in  K. 

Because  the  anglea  AEG  and  £AG  are  respectivelj 
equal  to  AEH  and  EAH,  and  AE  b  common  to  both  tri^ 
angles,  the  sides  AG,  6E  are  respectivdy  equal  to  AH» 
HE,  and  GH  is  perpendicular  to  AE,  and  Is  lusected  to 
O ;  for  the  same  reason,  g*  A  is  bisected  in  a  Therefore 
the  lines  G^,  Oo,  HA,  are  parallel^  and  IL  b  bisected 
in  E.  Therefore  AI  ^  AL  is  equal  to  twice  AK.  Moro- 
OTer,  if  the  angle  GEH  be  grei^  than  GAH,  AO  b 
greater  than  £0,  and  AK  b  greater  than  KQ.  Tbera- 
fore  AI  4-  AL  b  greater  than  AQ ;  and  if  the  aagie 
GEH  be  less  than  GAH,  AI  ^  AL  b  leas  than  AQ. 

(D)  Two  equal  pressures,  acting  in  the  directions  AB 
aad  AC  (fig.  a.},  at  right  angles  to  each  other^  compeoo 
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•  jTCifwe  in  the  direction  AD,  wfaieh  biitcto  the  right 
ingle ;  and  it«  inpenutj  is  to  the  intensity  of  eech  of  the 
constituent  pifssnres  as  the  diagonal  of  a  s^vafe  is  to  one 
of  the;  sides.  It  is  erident,  that  the  direction  of  the  pros- 
sarcs  generated  hy  their  joint  aetion,  will  bisait  the  angle 
formed  by  thefr  directions ;  because  no  reason  can  be  as* 
sipied  for  the  directioa  inclining  more  to  one  side  thaa  to 
the  other. 

In  the  next  place,  since  a  force  in  the  directioa  AD 
doesy  in  £sct,  arise  from  the  joint  action  of  the  equal  pres- 
Mures  AB  and  AC,  the  pressure  AB  may  be  conceived  as 
mriang  from  t^e  joint  action  of  two  equal  forces  similarly 
inclined  and  proportioned  to  it.  Draw  £AF  perpead{c»- 
kr  to  All  One  of  these  forces  most  be  directed  aloog 
AD,  and  tne  other  «long  AE;  In  Hke  manner,  the  pies- 
sure  AC  maj  arise  from  the  joint  action  of  a  pressoreia 
the  direction  AD,  and  an  equal  pressure  in  the  direction 
AF.  It  is  also  plain,  that  the  pressures  in  the  directioos 
AE  and  AF,  and  the  two  pressures  in  the  direction  AD, 
Awst  be  all  equal.-  And  also,  any  one  of  them  must  have 
the  same  proportion  to  AB  or  to  AC,  that  AB  or  AC  has 
to  the  force  in  the  direptiofi  AP*  arising  from  their  joint 
sction. 

Therefore,  if  it  be  said  that  AD  does  not  measure  the 
pressure  arising  from  the  joint  action  of  AB  and  AC,  let 
A  if,  greater  than  AD,  be  its  just  measure,  and  make  .A  d : 
AB=AB;A^  AB:Ae,  Then  A g*  and  Ac  have  the 
ssma  inclination  and  prc^portion  to  AB  that  AB  and  AC 
Imre  to  Ad.  We  determine,  in  like  manner,  two  forces 
A/ and  A  ^  as  constituents  of  AC. 

Now  A  d  is  equivalent  to  AB  and  AC,  and  AB  is  equi- 
valent to  A  €  and  A  g ;  and  AC  is  equivalent  to  A/  and 
Ag^.  Therefore  A  d  n  equivalent  to  A  s,  Af^  Ag  and  Ag-. 
But  (a)  a  €  and  A/  babmoe  each  other,  or  annihilate 
eseh  other^a  effect ;  and  there  remain  only  the  two  forces 
pf  preKUrei  A^,  A^.    Thfrefor^  (a)  their  measure  m  ^ 
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magnitude  equal  to  twice  A  g.  But  if  A  <f  be  greater  than 
the  diagonal  AD  of  the  square,  whose  sides  are  AB 
and  A<:!;  then  A^  must  be  less  than  AI,  the  side  of  the 
square  whose  diiftgonal  is  AB.  But  twice  A^  is  less  than 
AD,  ind  much'  less  than' A  d.  Therefore  the  measure  of 
the  equiraient  of  AB  and  AC  cannot  be  a  line  A  d  greater 
than  AD.  In  like  manner,  it  cannot  be  a  line  A  %  that  is 
less  than  AD.  Therefore  it  must  b^  equal  to  AD,  and  the 
|>rop<»ition  h  demonstrated. 

(E)  Car:  Two  equal  forces  AB,  AC,  acting  at  right 
angles,  will*  be  balanced  by  a  force  AO,  equal  and  oppo- 
site to  AD,  ihe  diagonal  of  the  square  whose  sides  are  AB 
and  AC ;  for  AO  woidd  balance  AD,  which  is  the  equira- 
ient of  AB  and  AC. 

(F>  Let  AECF  (fig.  S.)  be  a  rhombus,  the  acute  angle 
bf  which  EAF  is  half  of  a  right  angle.  Two  equal  pre»- 
isures,  which  have  the  directions  and  measures  AE,  AF, 
compose  a  pressure,  baring  the  direction  and  measure  AC> 
which  is  the  diagonal  of  the  rhombus. 

It  is  erident,  in  the  first  place,  that  the  compound  force 
has  the  direction  AC,  which  bisects  the  angle  EAF.  If 
AC  be  not  its  just  measure,  let  it  be  AP  less  than  AC. 
Let  ABCD  be  a  square  described  on  the  same  diagonal^ 
and  make  AP :  AQ  =  AE  *.  AO  =  AF  :  A  o.  Draw  KOG, 
Kog  perpendicular  t6  AE^  AF ;  draw  Gig,  OH o,  EG, 
EK,  Fg,  FK,  PF,  and  PE. 

'The  angles  CAB  and  FAE  are  equal,  each  being  half 
of  a  right  angle.  Also  the  figures  AEPF  and  A6EE  are 
aunilar,  because  AP  :  AQ  =  AE  :  AO.  Therefore  T A  : 
AP  =  KA  :  AE^  and  EA  :  AP  =  GA  :  AB.  There- 
fore,  in  the  same  manner  that  the  forces  AE,  AP  are  af- 
firmed to  compose  AP,  the  forces  AG  and  AK  may  coni- 
pose  the  force  AE,  and  the  forees  Ag  and  AE  may  com- 
-pose  the  force  AP.  Therefore  (B)  the  force  AP  is  equi- 
raient to  the  four  forces  AG,  AK,  Ag-,  AK.  But  (D) 
'  AG-and  Ag*  are  the  sides  of  a  square,  whoso  diagoqal  ia 
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eqval  to  twice  AI :  and  the  two  forces  AE,  AK  are  equal 
to^  or  are  meaaured  by,  twice  AK.  Therefore  the  four 
fovoea  AG*  AK^  A^,  AK,  are  equivalent  to  2  AI  4>  S 
AK,=4AH. 

But  because  AP  was  supposed  less  than  AC^  the  angle 
FPE  is  greater  than  FAE,  and  6£K  is  greater  thanGAK, 
A0  is  greater  than  OE^  and  AH  is  greater  than  HQ,  and 
S  AH  is  greater  than  AQ;  and  therefoire  4  AH  is  greater 
thaa  AC,  and  much  greater  than  AP.  Therefore  AP 
is  not  the  just  measure  of  the  force  composed  of  A£  and 
AF. 

•  In  like  manner,  it  is  shewn>  that  AE  and  AF  do  not 
jcompose  a  force  whose  measure  is  greater  than  AC.  It 
is  therefore  equal  to  AC ;  and  the  prqiosition  is  demon- 
-strated. 

•  (6)  By  the  same  process  it  may  be  demonstrated,  that 
if  BAD  be  half  a  right  angle,  and  EAF  be  the  fourtbof  a 
right  angle,  two  forces  AE,  AF  will  compose  «  force  mea- 
sured by  AC.  And  the  process  may  be  repeated-for  a 
;rbombos  whose  acute  angle  is  |tb,  ^^th,  &c.  of  aright 
angle;  that  is,  any  portion  of  a  right  angle  that  is  pror 
doced  by  continual  bisection.  Two  forces,  forming  the 
«ides  of  fluch  a  rhombus,  compose  a  force  measured  by  the 
diagonal. 

(H)  Let  ABCD,  Abed  (fig.  4)  be  two  rhombuses 
^Mmedbytwo  consecutive  bisections  of  a  right,  angle. 
Let  AECF  be  another  rhombus,  whose  sides  AE  and  AF 
bisect  the  angles  B A  b  and  DA  d.  ^ 

The  two  forces  AJB,  AF,  compose  a  force  AC. 

Bisect  Al^  and  AF  in  O  and  o.  Draw  the  perpendicu* 
Jars  60H,  g  o  A,  and  the  lines  Glg^,  OK  o,  HL  A,  and  the 
linesEG^EH,  Fg^,FA. 

:  It  is  evidept,  that  A6EH  and  AgFk  are  rhombuses ; 
because  AO  =:  0£,  and  A  o  =  o  F.  It  is  also  plain,  that 
^ce  bAd'iA  half  of  BAD,  the  angle  GAH  is  half  of  bAd. 
It  is  therefore  formed  by  a  continual  .bisection  of  a  right 
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sngie.  Therefore  (6)  the  forees  AG,  AH,  eompofle  il 
force  AE ;  and  Ag^  A  A,  oompose  the  force  AF.  There<> 
fate  the  forces  AG,  AH,  Ag^  A  A,  aetbg  together,  are 
equivalent  to  the  forces  AE,  AF  acting  together.  But 
AO>  Ag*  compose  a  force  =  9  Al ;  and  the  fonfes  AH, 
A  k  compose  a  force  =:  2  AL«  Therefore  the  fonr  fSorees 
seeing  together  are  equivalent  to  8  AI  4*  ^  AL^  or  to  4 
AK.  Biit  because  AO  is  i  AE  and  the  lines  Gg>,  Oo, 
H  A,  al^  evidentlj  parallel,  4  AK  is  equal  to  9  AQ,  or  i0 
AC ;  and  the  proposition  is  demonstrated. 

(I)  Cor.  Let  us  now  suppose,  that  by  continual  bisect 
tion  of  a  right  angle  we  hare  obtained  a  very  small  angl^ 
a  of  a  rhombus ;  tad  let  us  name  the  rhombus  bjr  the  mul& 
tqile  of  <t  which  forms  its  acute  angles 

The  proposition  (G)  is  true  of  o,  2  a,  4  a,  &e.  Th« 
proportion  (H)  is  true  of  3  a.  In  like  manner,  because 
(G)  is  true  of  4  a  and  8  a,  proposition  (H)  is  true  of  6  a  ( 
and  because  it  is  true  of  4  a,  6  a,  and  8  a^  it  is  true  of' 
5  a  and  7  a^  And  so  on  cmtinualiy  till  we  have  demon«> 
strated  it  of  e^erj  multiple  of  a  that  is  leas  than  a  right 
angle. 

(K)  Let  KAS  (fig.  5.)  be  perpendicuiar  to  AC^  and 
ABCD  be  a  rhombus^  whose  acute  angle  BAD  is  som« 
multiple  of  2  a  that  is  less  than  a  right  angle.  Let  AbCd 
be  atiother  rhombus,  whose  sides  A  &,  A  d  bisect  the  angles 
RAB,  SADi  Then  the  forces  A^^  Ad  compose  a  ibrecf 
AC. 

Draw  ft  R,  d  S  parallel  to  B A,  DA.  It  is  evident ^  tiiat 
AR  ft  B  and  AS  d  D  are  rhombuses,  whose  acute  angles 
are  multiples  of  a,  that  are  each  less  tfalin  a  right  angle/ 
Therefore  (I)  the  feittea  AR  and  AB  compose  the  foree 
A  ft,  and  AS,  AD  compose  Ad;  but  AR  and  AS  amiibi^ 
late  each  other^s  effect^  and  there  remains  only  the  forcea 
AB,  AD.  Therefore  Aft  and  Ad  are  equivalent  to  AB 
and  AD,  which  compose  the  foroe  AC ;  and  the  proposf« 
tion  ia  demonstrated. 
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(L)  C«r.  Tlrofl  b  tbe  eorolluy  of  hit  propofiUi^n 
leMled  to  every  rbombiis,  whose  angle  at  A  is  eoftie  mal^ 
tiple  of  a  less  than  two  right  angles.  And  since  a  may  bo 
taken  less  than  any  angle  that  can  Ibe  named^  the  proposi- 
tkia  may  he  conaUered  as  denionslnited  of  every  riiombus : 
and  we  may  aay, 

(M)  T^egiMlf/arees,  iMoft'ned  tm  cacA  mker  ik  my  aNgfe^ 
dM^pose  a  fot^  ^Mck  it  wmeamrei  fy  the  diagiud  of  the 
rkmim^  mk$m  Ma  art  fk  mdomrtM  ^  the  comtHmni 

<N)  Two  faiKes  AB,  AC  (fig.  6.),  hanng  tbe  direo^ 
tien  and  pmpoftkm  ef  the  sides  of  a  rectangle,  compose  a 
force  AD,  having  the  dinctieii  and  proportion  of  the  dia* 
gonal. 

Draw  the  other  diagonal  CB,  and  draw  £AF  paralM 
to  U ;  draw  BE,  CF  parallel  to  DA. 

AEB6  is  a  rhombus ;  and  therefore  the  forces  AE  ao^ 
AG  compose  the  force  AB.  AFC6  is  also  a  rhombus^ 
and  the  fevrce  AC  is  eqnivalent  to  AF  and  AG.  There** 
ibre  the  farces  AB  and  AC,  acting  together,  are  equiva* 
kot  to  the  forces  AE,  AP,  AG,  and  AG  acting  together^ 
orto  AB,  AF,  and  AD  acting  together :  Bat  AE  and  AP 
aunhilaie  each  other^s  actioo,  being  opposite  and  equal 
(for  each  is  equd  to  the  half  of  BC).  Therefore  AB  and 
AG  acting  together,  are  equivalent  to  AD,  or  compose 
the  force  AD. 

(O)  Two  foiroes,  whidi  have  the  cRrectton  and  propor- 
tions of  AB,  AC  (fig.  7.)  the  aides  of  any  parallelogram, 
conipose  a  force,  having  the  direction  and  proportion  of 
the  diagonal  AD 

Draw  AF  perpendicuhff  to  BD,  and  BG  and  DB  per- 
penficafair  to  AC. 

Then  AFB6  is  a  rectangle,  as  is  also  AFDE  ;  and 
AG  is  equal  to  CE.  Therefore  (N)  AB  is  equivalent  to 
AP  and  AG.  Therefore  AB  and  AC  actmg  together, 
«ie  eqaivaleilt  to  AF»  AG,  and  AC  acting  together ; 
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that  u,  to  AF  and  AE  Atlvag  together ;  that  is  <N) 
to  AD)  or  the  forces  AB  and  AC  compose  the  force 
AD. 

.  Henee  arises  the  most  general  proposition, 
:  Bhifa  maierial  particle  be  urged  at  once  by  ttoo  pressurea^ 
or  ineitementa  to  motion^  whose  intennlies  are  proportioned  to 
the  sidea  of  any  parallelogram^  and  which  act  in  the  directions 
ofthoee  aidee^  it  ia  affected  in  the  aame  manner  as  if  it  were 
mUd  on  by  a  atngleforeCf  whoae  intenaity  ia  meaaured  by  the 
iiagonod  of  the  parallelogram^  and  which  acta  in  ita  direction  i 
A*»  two  preaaurea^  having  the  direction  and  proportion  of  the 
aidta  of  a  paraUelogramy  generate  apreaaure^  hoeing  the  di^ 
reUion  and  proportion  of  the  diagonaL 

7hu8  have  we  endeavoured  to  demonstrate  from  abstract 
lirinciples  the  perfect  similarity  of  the  composition  o^ 
pressures,  and  the  composition  of  forces  measured  bj  the 
morons  which  they  produce.  We  cannot  help  being  of 
the  opinion,  that  a  separate  demonstration  is  indispens»* 
biy  necessary.  What  may  be  fairly  deduced  from  the  one 
case,  cannot  always  be  applied  to  the  other.  No  compos 
^ion  of  pressures  can  explain  the  change  produced  by  a 
deflecting  force  on  a  motion  already  existing;  for  the 
changing  pressure  is  the  only  one  that  exists,  and  there  is 
none  to  be  compounded  with  it.  And,  on  the  other  hand, 
fixir  notions  and  obsenrations  of  the  composition  of  motions 
will  not  explain  the  composition  of  pressures^  unless  we 
take  it  for  granted  that  the  pressures  are  proportional  to 
the  velocities ;  but  this  is  perhaps  a  gratuitous  assumption^ 
At  any  rate,  it  is  not  an  intuitive  proposition;  and^we 
have  mentioned  some  facts  where  it  seems  that  they  de 
aot  follow  the  same  proportion.  The  pressure  of  four 
equal  springs  produces  only  a  double  velocity.  It  would 
appear,  therefore,  that  there  are  circumstances  whicfc 
j>blige  us  to  say,,  that  the  exertion  of  pressure,  as  a  cause  ef 
.motion,  is  not  (always  at  least)  proportional  to  the  rei^l 
,ineasurable  pressure.    We  are  therefor^  anxious  to  dm^ 
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T€r  in  what  tke  diff«feiiee  oonabts ;  ud  in  the  mesn  time 
most  allow,  that  the  pressure  exerted  on  a  bodj  at  rest  is 
£fiereiit  from  its  exertion  in  producing  motion.  We  can- 
not indeed  state  anj  immediate  comparison  i)etween  pres- 
soie  and  motion,  nor  have  we  any  clear  conception  of  the 
eonnection  between  them.  It  is  only  bj  our  sensations  of 
touch  that  we  hate  any  notion  of  pressure,  and  it  b  expe- 
rieDoe  that  teaches  ns  that  it  always  accompanies  every 
canse  of  motion.  We  can,  however,  observe  the  propor- 
tions of  pressures^  and  compare  them  with  the  proportions 
of  motioo.  We  very  often  observe  them  different ;  and 
therefore  it  was  indispensably  necessary  to  investigate  the 
Liws  of  combined  pressure  as  we  did  the  laws  of  coml^ioed 
motion  in  consequence  of  pressure.  Yet  we  should  err, 
if  we  hastily  asserted  that  pressures  are  not  proportional 
to  the  motions  which  they  produce ;  all  that  we  are  en« 
titled  to  call  in  doubt  is,  whether  the  pressures  in  their  ex- 
crtimi)  while  they  actually  produce  motion,  or  changes  of 
motion^  continue  to  be  the  same  as  when  they  do  not  pro- 
duce motion,  being  withstood  or  balanced  by  opposite 
jMesauresL  Considered  as  causes  of  motion^  we  ought  to 
think  that  they  do  not  vary  while  they  produce  motion^ 
and  that  the  actual  pressure^  while  it  produces  a  double 
motion,  is  really  double,  although  it  may  be  quadruple 
when  the  body  exerting  it  is  made  to  act  on  a  body  that 
it  cannot  move.  We  are  confirmed  in  this  opinion  by 
observing^  that  other  facts  shew  us,  that  even  while  pro- 
dnciiig  motion^  the  pressure  which  we  call  quadruple,  be- 
csnse  we  have  measured  it  by  four  equal  pressures  balan- 
dng  ll^  is  really  quadruple,  considered  as  the  cause  of  mo- 
tioD^  and  produces  a  quadruple  motion.  A  bow  which  re- 
quires four  times  the  force  to  draw  it  to  any  given  extent^ 
will  communicate  the  same  velocity  to  a  bundle  of  four  ar- 
TOWS  thai  a  Ixyw  four  times  easier  drawn  commanicates  to 
soe  MTTOWf  Bnd  arill  therefore  produce  a  quadruple  motion.. 
Yet  it  will  on\f  produce  a  double  velocity  in  the  arrow 
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fbat  acquired'  a  smple  veloeiCy  fttMn  a  bow  having  one^ 
Iburth  of  tlie  atreiigth. 

These  ctiflerepaficies  sImhiM  excite  the  endeayour^  of  me^ 
chatiicfams  to'iiiye§«)gtfte  the  lairs  obs^rted  in  the  actiew 
df  pressures  in  prodaciDg  itfotion.  Hatd  this  been  done 
with  care  and  with  caaidoar,  we  rfiould  not  hate  had  thep 
great  difTerenee  of  opinion',  which  still  ditridev  phitoso- 
pliers^  about  the  measares  of  nwmngforeea.  Btat  a  sptrif 
at  partf  I  which  bad  arisen  from  other  causes,  gave  m" 
portanctt  t6  what  was  at  first  only  a  difference  of  expres- 
rioa,  and  made  the  partisans  of  Mr  Leibnitz  avail  them^ 
deltea  of  the  fignratife  language  which  has  done  so  mucli 
fiarm  in  all  the  departmehts  of  pfailosophr.  Nofwitk* 
standing  all  our  caution.  It  is  hardly^  possible  to  avoid  me^' 
tapborieal  caneeptrons  when  we  etnplojr  the  language  of 
metaphor.  The  abettcrrs  of  the  Leibnftzian  measure  of 
moving  forces,  or  perhaps,  to  speak  more  properly,  the 
abettdrs  of  the  Leibnitzian  measure  of  that  force  whtbtr 
rs  stqipos^  to  ptieserte  bodies  in  their  conditton  of  motfmt 
—insist,  thut  the  force  which  is  exerted  in  producing  any* 
change  of  motion  is  greater  in  proportion  as  the  motioni 
changed  is  greater :  and  they  give  a  very  specious  argu^ 
iteent  fof  their  assertion.  They  appeal  to  the  exertions 
which  we  ourselves  make.  Here  we  are  conscious  of  the 
fkci  Then  they  give  similar  eicamples  of  the  action  of 
bodies.  A  day  ball,  moving  six  feet  per  second,  will 
makie  the  adcfition  of  one  foot  to  the  velocity  of  an  equal 
clay  ball  that  is  already  moving  four  feet  per  second  in 
the  same  direction.  But  if  this  last  ball  be  already  mov« 
ing  ten  feet  per  second,  we  must  follow  it  with  a  velocity 
of  twelve  feet  in  order  to  increase  its  velocity  one  foot. 
But,  without  insisting  on  the  mimberless  paralogisms  and 
inconsistencies  virhich  this  way  of  conceiving  the  msitter 
would  lead  us  into,  it  suffices  to  observe,  that  the  pbeno'- 
mena  give  us  abundant  assurance  that  there  has  been  the 
same  exertion  in  both  these  eases.    This  ateeleration  is 
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ahrajs  aceciiit|MUiied  bj  •  compreaaiim  of  Ihe  balls,  and 
tke  comfuraMiiiD  is  tha  same  in  botii.  This  amnpvessiiiii 
ita  Yerj  good  measure  of  the  fiura  employed  to  pmdue^ 
it;  aad  in  the  present  ease,  «rs  need  net  even  troeble  ouru 
idres  with  any  rule  for  its  measurement :  for  surriy  wh^ 
die  compreBaioa  ianet  'difierent,  but  the  tattle,  the  foraf 
exerted  ia  the  same.  This  is  farther  confirmed  bjr  obaenn* 
ing,  that  it  raqnires  die  .same  foree  to  make  the  same  pit^, 
or  to  give  the  same  mdtiaii;  toa  pieee  of  c|ay  (ytng  qn  th^ 
taUe  of  a  ahfiV  csAun^  whether  th#  dkip  be  sailing  twf 

ariles  or  ten  miles  per  hoi^: 

Thee  we  see  that  thcrls  are  strong  reasons  for  beliwing^ 
that  the  exertions  of  pressure  in  producing  motion,  or  that 
the  preasurea  aehn^y  sacrtM^  are  proportional  to  the 
ehangea  of  rndtion  observed,  and  tliat  they  eotncide  ia  this 
respect  witb  onr  abetrecit  ooaceptionsof  moving  forces.   ' 
Bet  we  hare  stiU  be ttitor  argmnents;    None  of  the  Laili- 
hitsisQs  thiiik  ioftbi^iiig  the  equal  exertions  of  gravity^ 
drofaiiy  of  those  powers  which  they  cM  ^aliaitatiomct 
maekr<aimg'fmv9$L    Tbejr  all  admit,  thai  gravity,  or  any 
tasstaot  oecefarating  ftme^  produoes  equal  Inorements  of 
fcbeify  ia  equal  timely  and  that  a  double  gravity  wHl 
laodube  s  double  fasereipeot  in  an  equal  time^  and  aii  equf  1 
mcremelit  in  half  of  the  titate ;  find  iliat  a  quadruple  gra- 
tity  wiU  produce  a  double  veloeitir  in  half  the  timk    All 
thfse  thixigs  are  granted  by.tbem^  and  their  writings  are 
full  of  reasonings  from  tUs  priueiple:    Now  front  the  faidt, 
aeknowledgiad  by  the  Lcihnitiians^  that  the  quadruple 
ibiee  Of  a  bow  gives  a  doiible  velodty  iothe  arrow,  tn 
every  instant  of  its  action^  it  indisputably  ftillowsV  that 'it 
has  acted  mk  it  oiriy  for  half  the  time  ^  the  action  of  the 
four  times  weaker  boWi  whidi  gives  the  ilrrow  onl^  hdlf 
the  rehidty ;  mid  tboa  has  the  discrepuney  bkWiJ^n  the 
eftets  of  pressnres  and  of  oii^  abstract  moving*  forces  en- 
tirely diaa^ared.    For  thia  dnmm8|i|nGe4f  the  diffinr- 
.teee  IB  the  iimu  of  acting  wiDbe  founds  on  striet  exami^ 
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nation,  in  all  the  eases  of  the  change  of  motion  by  pres* 
sores  which  we  measure  by  their  effects  on  a  body  at  rest. 
Wb^n  this  and  the  appreciable  changes  of  actual  pressure^ 
during  the  time  of  producing  the  motion,  are  taken 
into  consideration,  ail  difierence  vanishes,  and  the  cora<* 
position  of  pressures  is  in  perfect  harmony  with  the  com- 
position of  motions,  or  of  abstract  moving  forces.  Dr* 
NAMics  is  thus  made  a  demonstrative  science,  and  affords 
the  opportunity  of  investigating,  by  observaticjh  and  ez« 
periment,  the  nature  of  those  mechanical  powers  which 
reside  in  bodies,  and  which  appear  to  us  under  the  form 
pf  pressure,  inducing  us  to  consider  pressure  as  a  cause  of 
motion. 

In  this,  however,  we  are  rather  inaccurate.  Pressure  is 
one  of  the  sensible  effects  of  that  property  which  is^also 
the  cause  of  motion.  It  is  not  the  pressure  of  a  piece  of 
lead,  but  its  heaviness,  which  is  the  reason  that  it  gives  mo- 
tion to  a  kitchen  jack.  Pressure  is  merely  a  generic  name, 
borrowed  from  a  familiar  idstance,  and  given  to  moving 
forces,  which  have  the  same  nature,  but  different  names 
that  serve  to  mark  their  connection  with  certain  sub- 

'  stances,  in  which  they  may  be  supposed  to  reside.  Natural 
philosophy  is  ahnost  entirely  employed  in  examining  the 

•  nature  of  these  various  pressures  or  accelerative  forces; 

'and  the  general  doctrines  of  djmamics,  by  ascertaining 
what  is  common  to  them  all,  enable  us  to  mark  with  pre- 

,  cision  what  b  characteristic  of  each. 

63.  We  have  now  advanced  very  far  in  this  investiga- 
tion (  for  we  have  obtained  the  criterion  by  which  we 
learn  the  direiction  and  the  magnitude  of  every  changing 
Ibrce :  and,  on  the  other  hand,  we  see  how  to  state  what  will 

.  be  the  effect  of  the  exertion  of  any  force  that  is  known  or 

;  snqiected  to  act.  All  this  we  kam  by  the  composition  of 
forces;  and  .the  greatest  part  of  mechanical  disqubition 

.  consists  in. the  application  of  this  doctrine  For  such  rea- 
sons it  merits  mijiute  consideration ;  and  therefore  we  must 
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pmat  o«t  some  genend  i^onclnsioiis  from  tbe  pniperties  of  i 
figure,  winch  will  gretftlj  facilitate  the  lue  of  the  paraU* 
ietograin  of  fcn'ces. 

54.  ]«r.  The  coaftHaeiit  and  the  resultiiig  forces,  or 
the  aunple  and  compoond  forces,  act  in  the  same  plane ; 
far  the  sides  and  diagmial  of  a  paralklogram  are  in  one 
plane. 

65.  2tL  The  simple  and  the  compound  forces  are  pro* 
portional  to  the  sides  of  any  triangle  which  are  parallel 
to  thar  dhPictions.  For  if  any  tbree  lines,  oA,  M,  adj  be 
drawn  parallel  to  AB,  AC,  and  AD  (fig  7,  No.  8.),  thej 
will  finrm  a  trian^e  similar  to  the  trian j^  ABD. .  For 
tbe  same  reasons  thcj  tfe  proportional  to  the  sides  of  a 
trian^e  o^J^if ,  whidi  are  reqpectiTeljr  perpaidiciilar  to  their 
directions. 

56.  Si,  ThereSote  each  is  proportional  to  the  sine  of 
the  opposite  angle  of  this  triangle ;  for  the  sides  of  any 
triangle  are  pn^iortioaal  to  tbe  sines  of  the  opposite  an# 
gies.         '  • 

57.  4lA,  Each  is  proportbnal  to  the  sine  of  the  an* 
^  contained  by  the  dtrectiDns  of  the  other  two ;  for  AD 
is  to  AB  as  the  sue  of  the  angle  ABD  to  the  sine  of  th« 
angle  ADB.  Now  the  sine  of  ABD  is  the  same  with  the 
snie  of  BAC  contained  between  the'  directions  AB  and 
AC,  and  the  sine  of  ADB  is  the  same  with  tbe  sine  of 
CAD;  aho  AB  is  to  AC,  or  BD,  as  the  sine  of  ADB 
(or  CAD)  to  the  sine  of  BAD.  r 

SB.  We  now  proceed  to  tbe  application  of  this  funda- 
mental proposition.  And  we  obsenre,  in  the  first  place, 
tiiai  since  AD  may  be  the  diagonal  of  an  indefinite  num-  * 
her  of  parallelograms,  the  motion  or  the  pressure  AD  may 
lesuit  fimn  the  joint  action  of  many  pairs  of  forces.  It 
may  be  produced  by  forces  which  would  separately  prch 
Aee  tbe  nBottens  AF  «id  A£r.  This  generally  gives  us 
IhememoM  of  discovering  the  forces  which  concur  in  its 
prodactk»^     }f  one  of  them,  AB,  is  known  indirection 
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akid  uit^ntejr^  tfae  4ir«ctioil  AC>  puraHel  to  BZ^  and  Mie 
intaisitj,  ara  diKovered.  8ottetitii«i  wekn^fn  thct  di- 
rections of  both.  Then,  by  drawing'  the  fiftraUelogroiii . 
or  triangle,  wis  learn  iJ^it  propprtiOQai.  The  force  whi^h 
deflects  anj. mtNtion  AS  into  a.  OMition  AI>»  is  bad  hy 
simplj  drawing  a' line  from  the  point  B  (to  which  ^ 
body  woidd  have  moved  from  A  in  the  time  of  reaUjr 
mcrring  from  A  to  D)  to  ibe  'poinjt  S.  The  d^fleeting 
force  is  snch  as  wouid  have  caused  the  body  1p  move  Srotn 
B  to  D  in  the  same  time^  And^  to  the  same  mfiliaer^  wo 
get  the  cooipoiind  motmn  ADt  which  aroea  from  any 
two  simple  Vnotions  AB  and  AC|  by  8iip|losiag  both  oC 
the  motiona  to  foe  aeeomplished  vik  snc^iesstoB*  .Tlie .  finid 
plade  of  the  body  is  the  same,  whether  it  moves  akHig 
AD  or  along  AB  and  BD  in  succession, 

M.  This  dieorefh  is  not  iittiited  to  the  eonipo$ition  of 
two  moiioos  or  two  foroea  only;  for  «io<Se  the  oombinedl 
ottion  of  two  forces  puts  thete^ly  into  the  same  state  aa 
if  their  equivalent  alone  had  acted  on  it,  we  may  suppoio 
this  to  have  btsen  the  eate^  ind  then  the  aeCionof  a  diird 
fb/ce  will  produce  a  change  dn  this  >qiM?alent  motion^ 
The  resulting  motion  leiU  be  the  alAne  aa  if  only  tbii  third 
force  and  the  eqiiivatett  of  the  (Oth^  two  had  aeted  en 
the  body.  Thiis»  in  plate  I.  #g.  «•'  the  three  forces  AB^ 
AC,  A£,  nsay  act  At-once  on  a  paitide  of  toatter.  .  Com- 
plete the  parfOIelogr^m  ABDC;  the  diagondl  AD  ia 
the  force  which  is  generated  by  AB  and  AC,  Complete 
the  paralielognun  A£FD;  die  diegomd  AF  u  the 
force  resulting  from  the  cembfned  action  of  the  foroap 
AB,  AC,  and  AE.  In  like  manner,  completing  Che  pi^ 
raHeldgram  AGilF,  the  disgonnl  AH  ia  the  force  ItranU^ 
ing  from  the  combined  actmn  of  AB)  A€»  A£|  and  AG^ 
and  so  on  cf  any  sramber  of  fofoeei 

This  resulting  force  and  the  rasAltlng  motion  may  be 
much  more  expeditiously  determined,  in  stoy  degree  of 
composition,  by  drawibg  lines  in  the  preportion  mid  4Jh 


Digitized  by  VjOOQIC 


of  Ifae  CMcet  in  Buccestion,  each  69m  Ifae  e«d  of 
tJK  firaaidi^*  Thps,  ixm  AB,  SD,  DF,  FH,  wd  jpiii 
AH.;  AH  IB  tbesesvituig  fcwfe.  The  4ei40iutf«i4ion  is 
mdeni. 

60.  It  18  to  te  7«etmd  Jifive,  rUiat  ki  the  coi^Knitioii  af 
mom  Hmvi  tiro  foi^w^  we  w(e  sot  lioiitiMl  to  one  rplaae. 
The  Jbree  AD  is  in  the  same  ^plane  with  AB  and  AC*; 
hnt  A£  mBj  be«eie^atocl  above  thk  plaaey  and  AG  waj 
kad  below  U.  AF  is  in  the  fkme  of  AD  and  A£,  4Uid 
AH  UiA  l^{dAne;«^AF  aad  AG. 

Compute  4he{iamUei^i:ani8  ABLE,  ACKE,  ELFK. 
It  k  oTidant  that  AfiLFKCD  is  a  parailelopiped^  and 
that  AF  is  one  of  it#di^goaol«.  Hence  we  derive  a  more 
fBneval  theorem  of  gseat  uie. 

Tkra^  fwrtt»  haviwg  At  jurpporU^n  -and  dire^iion  of  lie 
iknc  mif'^f  a.pfmUeUfiptd^  emp^te  a  fanu  kaving 
iie  f9^tporti<m  irnddt^ediim  of^he  diagonal. 
.  61.  Any  Bomber  of  ^  iofces  acting  -  together  ^on  one  .par- 
tiefe  of  matter  are  halanoed  by  a  ftrce  that  k. equal  and 
ifipoHtOito  their  Msultiilg  fovee;  ior  this  farce  •wo^ld  bl^ 
iaipee  tbcu*  rei|iUii>g;loroe  which  is  equivalent  ^o  them  in 
aetioo.  WJiea  thitfia  duty  eonaidered,  we  pereeive  Uiat 
eadh  force  is  theain  eqniiihrio  with  the  equiiwieot  of  .all 
the.iMbeni ;  .for.o  (offerteian.baJanoe.only  v«hot  is  equal  and 
appottteto.it.  .It. appears  very  readily  by  the  geometri- 
cal Qaostmetioo,  ^If,  instead  of  the  circuit  A,  B,  D»  F, 
fi,  wetake  B,  D,  Fs  Hy  A,  we  have  BA  for  the  equiva- 
kat  of  the  fon^'AC^  AE,  AG ;  but  AB  isrequal.and  op- 
poaitc  to  £A«  'rker^fore  the  force  AB  is  in  eqpilihrio 
wilh*th€^«qttiva)eBt  of  nil  the.  others. 

:68*  When  «oy  jMunber  of  forces  act  on  one  partiple  lef 

matter,^  and  oire«in  equijiibrio,  if  they  be  considered  a^  »cU 

log  Jo'jpon^ls^  tbe-equiidknts  of  these  paroels.  are  in  equi* 

£bna  ;  £brie)L^th0  tonnes  AB,  AC,  AE,  AG,  A^,  be  in 

eqaiiilMfio^  «o<i  ^^  thembe  considei^ed  in  the  two  pat  eels 

AB,  AC,  and,  AE,  AG,  AA;  then  AD  is  the  equivalent 
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of  AB,  BD  (or  AC),  and  DA  is  the  equivalent  of  DF^ 
FH,  HA  (or  Ah) :  now  AD  and  DA  balanee  each  othep. 
This  corellary  enables  us  tp  simplify  many  intricate  com- 
plications of  force ;  it  also  enables  us  to  draw  aocuraCe 
conclusions ifrom  verj  imperfect  observations.  In  nfost 
of  our  practical  discussions  we  know,  or  at  least  we  at- 
tend ta,  a  part  only  of  the  forces  which  are  acting  mi  k 
material  particle;  and  in  such  oases  we  reason  as  if  we 
'  9aw  the -whole:  yet  is  our  mathematical  reasoning  good 
with  respect  to  the  equivalent  of  all  the  parcels  which  we 
are  contemplating,  and  the  equivalents  of  the  smaller  par- 
cels of  which  it  consists;  and  the  neglected  force,  or  par- 
cel of  forces,  induces  no  error  on  our  conclusions. 

63.  In  the  spontaneous  phenomena  of  nature,  the  iiif 
▼estigation  and  discovery  of  our  ultimate  object  of  search 
is  frequently  very  difBcult,  on  account  of  the  multiplicitj 
of  directions  and  intensities  of  the  operating  forces  or  mcb 
tiolis.  We  may  generally  facilitate  the  process,  by  sub* 
atituting  equivalent  forces  or  motions  acting  in  oonvenieKt 
directions.  It  is  in  this  way  that  the  navigator  computes 
the  ship^s  place  with  very  little  trouble,  by  substituting 
equivalent  motions  in  the  meridional  and  equatorial  di^ 
rections  for  the  real  oblique  courses  of  the  ship.  Instead 
of  setting  down  ten  miles  on  a  course,  8.  86.  68.  W.  he 
supposes  that  the  ship  has  sailed  eight  miles  due  south; 
and  six  miles  due  west,  which  brings  her  near  to 'the 
satde  place.  Then,  instead  of  fourteen  miles  south-west,  he 
sets  down  ten  miles  south  and  ten  miles  west ;  and  he  pro- 
ceeds in  the  same  way  for  every  other  course  and  dbtanea 
He  does  this  expeditiously  by  means  of  a  traverse  table, 
in  which  are  ready  calculated  the  meridional  and  equate* 
rial  sides  of  right  angled  triangles,  corresponding  to  every 
course  and  distahce.  Having  done  this  for  the  course  of 
a  whole  day,  he  adds  all  the  southings  into  one  sum,  and 
all  the  westings  into  another :  he  considers  these  as  form* 
ing  the  sides  of  a  right  angled  triangle ;  he  looks  for  them, 
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yaired  togeAo^r  in  ^  tmverae  taMe,  and  theh  notices 
what  angle  and  wbat  dutance  corresponds  to  this  paiR 
Tliis  gir»  him  the  position  and  magnitude  of  the  straight 
Imt  joining  the  beginning  and  end -of  his  day'^s  work. 

The  miner  proeeeds  in  the  same  irajr  when  be  takes  the 
pian  of  subterraneous  workings,  meaauring,  as  he  goes 
along,  and  aotieing  the  bearing  of  each  line  by  the  com- 
pass, and  setting  dowq^  fimn  bis  traverse  table,  the  norths 
iDg  OP  ^southing,  and  the  easting  or  westing,  for  each 
abliqne  Kne :  but  there  is  another  cironmstanoe  whieh  he 
must  attend  to,  namely,  the  slope  of  the  Tarious  drilt^ 
galleries,  and  other  workings.  This  he  does  by  noting 
the  rise  or  the  dip  of  each  sloping  line.  He  adds  ail  these 
iato  two  sums,  and  taking  the  risings  from  the  dips,  he 
obtains  the  whole  dip.  Thus  he  learns  how  far  the  work- 
ings proceed  to  the  noith»  how  far  to  the  east,  and  how 
iar  to  the  dip. 

The  reflecting  read^  will  perceive,  that  the  line  join^ 
lag  the  two  extremities  of  this  progression  wifl  form  the 
diagonal  of  a  rei^angular  pa^Uelopiped ;  one  of  whose 
sides  lias  north  and  'aouth,  the  other  lies  east  and  west,  and 
the  third  is  right  up  and  down. 

The  mecbanieiao  prooeeds  in  the  very  same  way  in  the 
mvestigation  of  the  very  complicated  phenomena  which 
frequently  (mgage  his  attention*  He  considera  every 
notion  as  compounded  of  tiiree  motions  in  some  coni 
v«rieat  directions,  at  right  angles  to  each  other.  He 
also  considers  every  force  as  resulting  from  the  joint  ac- 
tien  of  three  forces,  at  right  angles  to  each  other,  and 
lakes  the  sum  or  difference  of.  these  in  the  same  or  op^ 
posite  directions.  From  this  process  he  obtains  the  three 
sides  of  a  parallelopiped,  and  from  these  computes  the  po- 
sition and  majptitude  of  the  diagonal.  This  is  the  mo^ 
lion  or  force  resulting  from  the  composition  of  all  the  par- 
tial ones. 

This  procedure  is  called  the  Estimation  of  BEoucTioy 
9^  moti<Hi8  and  forces.  ^ 
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in  ihe  directioA  £F,  or  to  be  redmatd  t#  Ihk  dureotim 
when  it  18  coneeivied  as  compounded  4>f  the  motions  or 
forces  AC,  AD,  one  of  whicb  AC  is  paimlkl  to  £F,  mA 
ihe  other  AD  is  perpeodkulwr  to  it  This  •ezpressiop  is 
riNMidantljr  significant ;  for  it  is  pfaua  -that  the  ^motiaa 
AD  neither  proni6tes  nor  hinders  tfae-pr^gress  along  £JP» 
and  that  AC  expresses  the  whole  process  in  this  direo- 
tion. 

66.  In  like  ndanner,  a  foroe  AB  (fig.  10.)  is  said  iohe 
edinuUid  m,  or  redtieed  la,  a  given  phuK  EFGH,  when 
it  is  conceived  as  resulting  from  the  joint  Motion  of  two 
forces  AC,  AD,  one  of  which  is  parallel  to  a  lineo  b  drawn 
in  that  plane,  and  the  other  AD  is  perpendicular  to  it. 
The  position  of  l!be  line  a  i  is  deteradned  by  46tting  £aU 
B  b  perpendicular  to  the  plane,  and  dirawing  6  P  to  the 
point  P,  in  which  BA  meets  the  plane ;  then  A  a  being 
diteWn  parallel  to  B  6,  will  cut  olT  &  a,  which  is  ihe  re- 
daction of  the  motion  AB  to  the  pkuae.  Dsnwing'  AC 
parallel  to  a  fr,  «aid  completing  the  paratlelogAmi  ACBD, 
it  is  evident  that  the  motion  AB  is  equifttient  to  AD  and 
AC,  which  is  parallel  to  a  A,  and  the  Aree  forces  AB, 
AC,  AD»  are,  as  they  ihoitid  be,  in  one  planer  perpendi- 
cular to  the  plane  EG. 

66.  If  three  forces  AB,  AC,  AD,  (fig.  H.),  areiu'cqui* 
librio,  and  are  reduced  to  any  one  direction  d  A  j,  ^  to 
one  plane  EFGH,  -the  reduced  forces  ajre  idso  in  equilir 
brio. 

Ftr9tf  Let  them  be  reduced  to  one  direoiion  dl  hj 
drawing  the  ptfpendiouUrs  B  &,  C  c,  D  d ;  make  AL  eflal 
to  AD,  and  join  BL,  CL,  and  draw  the  perpendicnhars 
L  /,  P  c ;  then,  because  ihe  forces  AB,  AC,  AD,  are  in 
equitibrio,  ABLC  must  be  a  parallelojgvam,  and  AL  is 
the  force  equivalent  to  AB  and  AC  combined ;  then,  bet 
cause  the  lines  D  d,  B  i,  C  c,  L  /,  are  parallel,  d  A  as  equal 
|p  A  /,  and  A  &  to  C  o,  or  to  ^  Z ;  therefore-A/  is  equal  to 
the  sum  of  A  6  and  A^  which  are  the  reductions  of  AB 
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Ad  AC  ;  therefbre  dA  is  t%vml  U  the  boiM  «I0j  and  ift 
e^pillibrio  ^th  tkem. 

SeomUjh  Let  tbem  be  reduced  to  one  {>lne  EF6H, 
nd  let  «  A  «  -n «  >»  be  the  reduced  fimet,  Tke  lines  D  ), 
A^  B  jS^  C  «s  L  N  sf®  ftll  parallel,  beinf  j>eiff»dioiilar  io 
the  fihuie ;  therefore  the  planes  AB  ju  and  CL  ai«  are|ia« 
ralM,  andM^  *a»  are  parallel  .f or  mnilar  Mavoaa,  ^J^ 
««f  are  |Mu«Uel ;  therefore  mfi^  it  a  |iaraliekf  ram.  Al«o» 
became  the  lines  Dl,  A  «,  L  Ai^  are  pamllel»  and  DA  is 
equal  to  AL;  therefore  )it  is  equal  to  «a.  But  beeauae 
^#^  is  a  paraUetegram,  the  ibroes  i»A  ««,  are  e<|uiTaknt 
to  «A ;  and  al  is  equal  and  opposite  to  «x,  and  will  balaace 
k;  and  t|ierefare  w«U  -balance  «/6  -and  •«,  which  are  the 
reductions  of  AB  and  AC  to  the  plane  EFGH,  while  ^\ 
is  the  reduction  of  AD  ;  therefore  the  pn|position  is  de^ 
lAoastrated, 

The  most  usual  and  the  most  4iseAil  mode  of  reductiuii^ 
is  to  estitnate  all  forces  in  the  'Erections  of  ,(faiM  liaos 
dtawti  firpm  one  point,  at  right  angles  to  each  other,  like 
the  three  plaiye  angles  of  a  rectai^ular  chest,  fomHug 
the  length,,  the  breadth,  ^nd  the  depth  of  the  chest 
These  are  conunonly  called  the  three  co-ordinates.  The 
resulting  force  wiil  be  ^e  dii^onal  of  this'paieUekipiped. 
This  process  occurs  in  all  disquisitions  in  which  the  imii- 
jtnal  #ciioii  of  solids  and  fluidn  is  considered,  and  whA 
llie  osciUaiion  or  rotaticn  pf  detached  free  bodies  is  the 
subject  of  diaoiission. 

67.  The  oaljr  other  geaeral  theorem  ihfX  remains  to  tie 

deduced  finomtbis  law  erf*  aotion  is,  that  if  a  number  of 

bodies  are  moving  in' any  manner  whatever^  and  an  equal 

force  act  0n  •every  |)article  of  matter  in  ihe  same  or  paraUei 

directions,  their  relative  motions  will  salier  no  change ; 

Jer  the  motion  of  any  body  A  (%.  13.)  relative  to  another 

hodj  B,  which  is  also  in  moiion,  is  i^ompounded  of  the 

JVaJ  motioo  of  A,  and  the  opposite  to  the  real  motion  of 

^j  kr  hi  A  Jnove  unybrttly  from  A  to  C,  while  B  de- 
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scribes  BD  uniforaity,  draw  AB,  also  draw  AE  equal  an^ 
parallel  to  BD,  join  EC,  DC,  ED.  The  motion  of  A, 
relatiye  to  B,  consists  in  its  change  of  position  and  dis- 
tance. Had  A  described  AE,  while  B  described  BD^' 
there  would  have  been  no  change  of  relative  place  or  dis- 
tance; bat  A  is  now  at  C,  and  DC  is  its  new  direction 
and  distance.  The  relative  or  apparent  motion  of  A' 
therefore  is  EC.  Complete  the  parallelogram  ACFE  ; 
it  is  plain  that  the  motion  EC  is  compounded  of  EPy 
which  is  eqoal  and  parallel  to  AC,  the  real  motion  of  A, 
and  of  £A,  the  equal  and  opposite  to  BD,  the  real  mu- 
tton of  B. 

Now  let  the  motions  of  A  and  B  sustain  the  sam« 
change ;  let  the  equal  and  parallel  motions  AG,  BH,  be 
compounded  with  the  motions  AC  and  BD ;  or  let  forcea 
act  at  once  on  A  and  B,  in  the  parallel  <jiirections  AG; 
BH,  and  with  equal  intensities;  in  either  supposition, 
the  resulting  motions  wiH  be  A  c,  B  d,  the  diagonals  of  the 
parallelograms  A  G  c  C,  and  B  H  d  D.  Construct  the  fi-< 
gure  as  before,  and  we  see  that  the  relative  motion  is  now 
-e  Cy  and  that  it  is  the  same  with  EC  both  in  respect  of 
magnitudlfr  and  position. 

Here  we  still  see  the  constant  analogy  between  tbo 
composition  of  motions  and  the'  composition  of  forces^ 
In  the  first  case,  the  relative  motions  of  things  are  not 
dianged,  whatever  common  motion  be  compounded  with 
them  all ;  or,  as  it  is  usually,  but  inaccurately,  eipresa^ 
ed,  although  the  space  in  which  they  move  be  eanried  along 
with^any  motion  whatever.  In  the  second  case,  the  re^- 
lative  motions  and  actions  are  not  changed  by  any  ezterw 
nal  force,  hewevo*  great,  when  equally  exerted  on  ever^ 
particle  in  parallel  direelionsi 

Thus  it  is  that  the  evolutions  of  a  fleet  in  a  uniform 
current  are  the  same,  and  produced  by  the  same  means,  as 
in  still  f^ater.  Thus  it  is  that  we  walk  about  on  the  sur- 
fiice  (rf'thts  globe  in  the  same  manner  as  if  it  neither  r»> 
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Wvcd  round  the  nm,  nor  turned  round  its  axis.  Thus  it 
is  that  the  same  strength  of  a  how  will  communicate  a  cer- 
tain Telocity  to  an  arrow»  whether  it  is  shot  east,  or  west, 
or  north,  or  smith.  Thus  it  is  that  the  mutual  ^actions  of 
suUimarj  bodies  are  the  same,  in  whatever  directions 
they  are  exerted,  and  notwithstanding  the  very  great 
chaises  in  their  velocitiea  by  reason  of  the  earth^s  rota- 
tion and  orbital  revolution.  The  real  velocity  of  a  body 
on  the  earth'li  equator  is  about  3000  feet  per  second  greater 
at  midoight  than  at  middiyr«  For  at  midnight  the  mo- 
tion of  rotation  nearly  conspires  with  the  orbital  motioa^ 
and  at  midday  it  nearly  opposes  it.  The  difference  be- 
tween the  vdocities  at  the  beginning  of  January  and  the 
hegiming  of  July  is  vastly  greater.  And  at  other  tinges 
of  the  day,  and  other  seasons  of  the  year,  both  motions 
of  the  earth  are  transversely  compounded  with  the  east-^ 
eriy  or  westerly  motion  of  an  arrow  or  cannon  bullet. 
Yet  we  can  observe  no  chAge  in  the  effects  of  the  mutual 
aetictts  of  bodies. 

6Bw  Thia  is  an  inqportant  observation ;  because  it  proves 
that  forces  are  to  be  measured  by  no  other  scale  than  by 
the  motiiMis  which  they  produce.  We  have  had  repeated 
occasions  to  mention  the  very  different  estimation  of  mov- 
ing forces  by  Mr  Leibnita ;  and  have  shewn  how,  by  a 
▼ery  partial  consideration  of  the  action  of  those  natural 
powers  caikd  pr€9nare$y  he  has  attempted  to  prove,  that 
moving  forces  art  proportional  to  the  squares  of  the  velo- 
cities ;  and  we  shewed  briefly,  in  what  manner  a  right 
consideration  of  what  passes  when  motion  is  produced  by 
measurable  pressures,  proves  that  the  forces  really  exerted 
are  as  the  velocities  produced.  But  the  most  copious 
proof  is  had  from  the  present  observation,  that,  in  fact, 
the  mutual  actions  of  bodies  depend  on  their  relative  mo- 
titms  aione. 

69.  The  Xicibnitaian  measure  of  moving  force  is  alto- 
gether incompatible  with  the  universal  fact  now  mention- 
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ed,  ▼}£.  that  the  rektiVe  motions  othbdSes,  resuHkig  frottf 
their  mutual  acttons,  are  not  affected  by  any  cotnuion  mo^ 
tioD,  or  the  action  of  an  j  equal  and  parallel  force  on  both 
bodies :  for  this  unirersal  fact  imports,  thdf  when  tvro  bo- 
dies are  moring  with  equal  velocities  in  the  same  direc- 
tion, a  force  applied  to  one  of  them,  so  as  to  increase  its 
Telocity,  gives  it  the  same  motion  relative  to  the  other» 
as  if  both  bodies  had  been  at  rest.  Here  it  is  plain,  that 
ihe  space  described  by  the  body  in  consequence  of  the  pri^ 
mitive  force,  and  of-  the  force  now  added,  is  the  sum  of 
the  spaces  which  each  of  them  would  generate  in  a  body 
at  rest  Therefore  the  forces  are  proportional  to  the  velo- 
cities or  changes  of  motion  which  they  produce,  and  noC 
to  the  squares  of  those  velocities.  This  measure  of  forces^ 
or  the  position  that  a  tbrce  makes  the  same  change  on  any 
velocity  whatever,  and  the  independence  of  the  relative 
motions  on  any  motion  that  ia  the  same  oiTlilt  the  bodies 
of  a  system,  are  counterparts  of  each  other.  Since  this 
independence  is  a  matter  of  observation  in  all  terrestrial 
bodies,  we  are  entitled  to  say^  that  the  powers  which  the« 
Author  of  Nature  has  imparted  to  natural  bodies  are  nti 
way  different  from  what  are  competent  to  matter  once 
called  into  existence.  And  it  also  follows  from  tbis>  that 
tre  must  always  remain  ignorant  of  the  absolute  motions 
of  bodies.  The  fact,  that  it  has  required  the  unremitted 
study  of  ages  to  discover  even  the  relative  motions  of  oiip 
solar  system,  is  in  argument  to  prove  that  the  influence 
of  this  mechanical  principle  extends  far  beyond  the  iimit&r 
of  this  sublunary  world ;  nor  has  any  phenomenon  yet 
been  exhibited  which  should  lead  us  to  imagine  that  it  is 
not  universal.  •       : 

When  we  have  made  ifse  of  these  arguments  with  some 
sealous  partizaris  of  Mr  Leibnitz^s  doctrine,  they  have 
answered,  that  if  indeed  this  independence  of  the  relative 
motions  of  terrestrial  bodies  were  observed  to  obtain  ez« 
actly,  it  would  be  a  concTusive  argument.    But  the  mo* 
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fSmi  iritli  wliidt  M  is  carried  along  is  sa  great  ift  eompa- 
ikoo  with  the  motions  which  we  can  produce  in  our  expe- 
riments, that  the  small  additions  or  diminntions  that  we 
can  make  to  the  vek»eitj  of  thu  common  motion  must  ob* 
serre  verj  nearljr  the  proportions  of  the  additions  or  dimi* 
notions  of  their  squares.  The  dilftrences  of  the  squares 
of  2,  3,  and  4,  are  wtry  unequal;  but  the  differences  i^ 
the  squares  of  9,  10,  II,  are  much  ne«rer  to  the  ratio  of 
eqnalitj  ;  and  the  difference  of  the  squares  of  1000001, 
K)000O2,  1000008,  do  not  sensibly  dcTiate  from  this  ratio. 
But  it  is  not  fact  that  we  cannot  produce  motions  which 
hare  a  very  sensible  proportion  to  the  common  motion. 
Hie  motion  of  a  cannon  ball,  discharged  with  one-third 
of  its  weight  of  powdSer,  is  nearly  equal  to  that  of  the  ro« 
tation  of  the  earlh^s  equator.  When,  therefore,  we  dis* 
charge  the  ball  eastward,  we  double  its  motion  ;  when  to 
the  westward,  we  destroy  it  ThereA>re,  according  to 
Leibnit2,  the  action  in  the  first  case  is  three  times  the 
action  in  the  second.  In  the  first  ease  it  changes  the. 
square  of  the  Telocity  (which  we  may  call  1)  from  I  to  4 ; 
and,  in  the  second,  it  changes  it  from  1  to  0.  But  say 
the  Leibttitzians,  the  velocity  of  rotation  is  but  ^^  of  the 
orbital  veloeity  of  the  earth,  and  our  observations  of  the 
vdoeitics  of  cannon  bullets  are  not  sufficiently  exact  to 

ensure  us  against  an  error  of  qjj'    ^"^  ^^^  latter  obser- 

▼atiOBs  on  the  peculiar  motions  of  the  filled  stars  ooncnr 
in  shewing^  that  the  sun,  with  his  aiteading  planets,  are 
csrried  along  with  a  very  great  motion,  which,  in  all  pro« 
haUlity,  has  a  sensible  ratio  to  the  (M-bital  motion  of  the 
earth*  This  must  make  a  prodigious  change  on  the  earth^s 
ahsolole  asotion^  according  as  her  orbital  motion  conspires* 
with,  cpposes,  or  crosses,  this  other  motion  i  the  earth  may 
era  be  at  absolute  rest  in  some  points  of  its  orbit.  Thus 
wSI  the  camposition  with  the  motions  produced  in  our  ex« 
perimeats  be  so  varied,  that  cases  nmH  occur  when  the 
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difference  cf  tbe  results  0(  the  two  measures  of  force  wUL 
be  very  sensible. 

.  But»  farther,  they  have  not  attended  to  the  agreement 
of  onr  experiments,  when  the  discharges  of  cannon  are 
made  in  a  direction  transverse  to  that  of  the  common  mo- 
tion»  Here  the  immensity  of  the  common  motion^  aftd 
the  ihinutfeness  (^our  experimental  veloci^es,  can  have  no 
effect  in  diminishing  the  difference  of  the  results  of  the 
tjro  doctrines.  This  will  appear  distinctly  to  every  reader 
who  is  much  converfont  in  disquisitions  of  this  kind ;  and 
i|:  is  in  these  more  moderate  motions  that  the  complete 
independence  of  the  relative  motions  on  the  common  mo- 
tions most  accurately  appears.  Pendulum  clocks  and 
watches  have  been  often  executed  which  do  not  deviate 
from  perfect  equability  of  motion  one  part  in  86400.  Tbi» 
could  not  be  obtained  in  aH  directions  of  the  oscillations^, 
if  the  ibrces  deviated  from  the  ratio  of  the  velocities  one 
part  in  86400* 

.  On  the  ^hoife,  we  may  consider  it  as  established  on  the* 
surest  foundation,  that  the  action  of  thos^  powers  of  natUr 
ral  bodies  which  we  Call  prestures^  such  as  the  force  of 
springs,  the  exertions  of  animals,  the  cohesion  of  bodies^ 
as  well  as  the  .action  of  those  other  ineittmeats  to.motioft 
which  we  call  attractioiu  and  repuUtoaaj  such  as  gravitation^ 
magnetism,  and  electricity— is  proportional  to  the  change 
of  velocity  produced  by  it.  And  we  must  observe  Ber^, 
that  this  is  not  a  mere  mode  of  conception,  the  result  of 
the  laws  of  human  thought^  which  cannot  conceive  a  ni^ 
tural  power  as  the  cause  of  motion  otherwise  than  by  its 
producing  motion,  and  which  cannot  conceive  any  degreed 
of  fMwng  power  different  from  the  degree  of  the  motions 
This  is  the  abstract  doctrine^  and  it  is  true  whether  the 
pressures  are  proportional  to  the  velocities  or  to  the  squares 
of  the  velocities.  But  we  see  farther^  that  whatever  is 
the  pressure  of  a  spring  (for  example)  on  a  quiescent  body^ 
yet  the  pressure  actually  exerted  in  producing  a  double 
2 
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albeit  J  rt  Mt^  doiiMe)  M4iiot^«dnlple»  afbtU'ftrat  im- 
perfect tb^etv^iioo^  mkk^  t»  itniigiii^ 

70.  Sir  Ittuie  N^vrtM  ka»  Al<tod  aiiotber  j^opotition  id 
Che  nmitbet  of  ktr»  of  ibolidii ;  ttaliiel j,  Ihflt  eoerjjr  ac^ofi 
n  tf^MMijttai^d  bf  an  tqMl  iind  HMfkty  rm^iak.     Bat  vK 
aflinm«|f  tMs  to  be  «  lavf"  6f  iratttre,  bse  only  tile&As  that  H 
b  aa  iiatttt^al  fset:  And  he  mikes  this  irfBrnlatioft  oA 
ihe  atrtbotif  jr  of  whAt  be  eonceives  to  be  a  l8#  of  MumaA 
Acmgf^t ;  Aaimei J,  tbat  those  quaKties  whieb  we  ikid  ift  att 
htuSttn  on  whicb  we  cao  riiake  expetidietyt^  and  ob^rta- 
tioflis,  arb  to  be  considered  M  uifiversat  qualities  cf  b6df . 
6«(  #e  kii^e  ymfted  the  lefm  &119  afmaiic/i^  to  those  cotf- 
ieifuetuses  that  n^ecessarily  fioHr  from  otir  notions  of  mo- 
tiotty  of  the  causes  of  its  production  and  changes.    Now 
Ail*  third  Ne#toiiiaii  propiosititinf  is  not  such  a  result.     A 
magnet  is  §aii  to  act  on  a  piece  of  iron  when,  and  onlj 
when,  the  ▼icinitj  of  the  magnet  is  observed  to  be  accom- 
pnmed  by  ci^rtain  ftiotiobs  of  the  iron.     But  it  by  no 
Bieans  foUoWs  {t6m  this  obde^ation^  that  the  presence  of 
the  iron  shaR  be  Accompanied  by  any  motion,  or  any 
thange  of  state  whatever  of  the  ikiagnet,  ot  any  appear- 
ance that  can  suggest  the  notion  that  the  iron  acts  on  the 
niagnet.     When  this  was  observed,  it  was  accounted  ^ 
discovery.     Newton  discovered,  that  the  sun  acts  on  the 
planeCs,  atid  fhtft  the  earth  atis  onf  the  moon  ;  and  Kepler 
iiatoe^redj  that  the  inoon  reacts  on  tiie  eaftb.     Newton 
had  obsertetf,  that  the  iron  reads  M  the  magnet ;  that  the 
acliona  of  efectrifielt  bddles  were  motnat ;  and  that  every 
ietiott  6t  subNiniify  bodies  WM^  in  fact,  accompanied  by 
an  eqifd  and  contrary  reaction.     On  the  anthority  of  his 
hile  of  philoai>phhAAgy  he  lArmed,  that  the  planets  react 
tn  the  gnn^  and  tUsi  the  sun  is  ndt  at  rest,  birt  is  continu- 
iStj&giltted  by  8  itanA  motioik  refund  the  general  centre  of 
gnriUti&iM.     Be  ^intlfd  out  several  consequences  of  this 
rtatti&a*     Astronomers  examined  the  celestial  motions 
mre  n&rrowir^    wid  fcund  that  those  consequences  ito 

fOt.  t'  ' 
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really  obtain,  ^d  disturb  all  the  planetarjr  motions.  It  it 
now  found  that  this  reciprocity  of  action  obtains  through* 
out  the  solar  system  with  the  utmost  precision,  and  that 
the  third  Newtonian  proposition  is  really  a  law  of  nature, 
although  it  b  not  a  law  of  human  thought  It  is  a  disco* 
very.  The  contrary  involves  no  absurdity  or  contradic* 
tion.  It  would  indeed  be  contrary  to  experience  i  but 
things  might  have  been  otherwbe.  It  is  conceivaUe,  and 
possible,  that  a  ball  A  shall  strike  another  equal  ball  B, 
and  carry  it  along  with  it,  without  any  diminution  .of  its 
velocity.  The  fact,  that  the  velocity  of  A  is  reduced  to 
oqe-half,  is  the  indication  of  a  force  residing  in  B,.  which 
force  changes  the  motion  of  A  ;  and  the  intensity  of  thia 
force  is  learned  from  the  change  which  it  produces.  This 
u  found  to  be  equal  to  the  change  produced  by  A  on  B» 
and  thus  the  reaction  of  B  is  discovered  to  be  equal  to  the 
action  of  A. 

It  is  highly  probable,  that  this  universality  and  equality 
of  reaction  to  action  b  the  consequence  of  some  general 
principle,  which  we  may  in  time  discover ;  meanwhile  we 
are  entitled  to  suppose  it  universal,  and  to  reason  from  this 
topic  in  our  disqubitions  about  the  actions  of  bodies  on 
each  other.. 

These  propositions  might  have  completed  the  doctrines 
of  dynamics ;  but  it  appears  that,  in  order  to  the  produce 
tion  of  a  material  universe  which  should  accomplbh  the 
purposes  of  the  Creator,  it  was  necessary  that  there  be 
'  certain  characteristic  diflferences  between  the  forces  inhe- 
rent in  the  variom  collections  of  matter  which  compose 
this  universe.  The  facts  or  physical  laws  (for  the  ^bove- 
mentioned  laws  are  metaphysical)  of  motion  may  be  dif- 
ferent from  those  which  would  have  been  observed  had 
ipatter  been  left  entirely  to  itself.  This  difrej[:ence  miay 
have  introduced  other  laws  of  motion  as  necessarily  re- 
sulting from  the  nature  of  the  forces.    We  have  occasio9«> 
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lHy  mentioned  some  insUnces  wtere  this  appears  to  ob-* 
tain,  but  gave  good  reasons  for  affirming,  that  a  due  eza<» 
mination  of  atl  circumstances  which  may  be  observed  in 
the  productioii  or  variativn  of  motion  by  those  forces,  has 
demonstrated,  that  there  are  no  such  deviations  from  the 
two  laws  of  motion  already  determined,  but  that  all  the 
mechanical  powers  of  bodies,  when  considered  merely  as 
tauses  of  motion,  act  agreeably  to  the  same  laws.  Care^ 
fill  examination  was,  however,  saidHo  be  necessary.  , 
This  examination  must  consist  in  dbtinctly  noticing  the 
drcumstances.  that  occur  in  the  production  of  motion  by 
snj  force  whatever.  It  is  by  no  means  enough  to  state 
siin|»ly  the  intensity  of  the  force  and  the  direction  of  its 
exartion.  .  If  a  force  continue  to  act^  it  continues  to  vary 
the  motion  already  produced.  Should  the  force  change 
its  intensity  or  direction  while  it  is  acting,  these  circum- 
stances must  induce  still  farther  changes  in  the  motion  ; 
and  it  is  not  till  all  action  has  ceased  that  the  motion  is 
brought  to  its  ostensible  state,  in  which  it  is  the  object  of 
oor  attention  and  our  future  discussions.  Instances  of  the 
effects  of  such  continued  and  such  varied  actions  are  to  be 
seen  in  most  of  the  phenomena  of  nature  or  art  The 
communication  of  motion  by  impulse  is  perhaps  the  only 
instance  (very  frequent  indeed)  that  can  be  produced 
where  this  is  iw>t  necessary :  Nay,  we  shall  perhaps  find 
reason  to  conclude,  that  this  instance  is  not  an  exception, 
and  that  even  the  communication  of  motion  from  one  bil- 
liard ball  to  another  is  brought  about  by  an  action  conti- 
mied  for  some  time,  and^greatly  varied  during  that  time. 
Much  pre|Nuration  is  therefore  necessary  before  we  can  ap- 
ply the  general  laws  of  motion  to  the  solution  of  most  of 
the  questions  which  come  before -us  in  the  course  even  of 
our  dementary  disquisitions.  We  must  lay  down  some 
general  prdpositions  which  determine  the  results  oF  the 
continued,  and  perhaps  varied,  actions  of  moving  forces ; 
and  we  must  mark  the  different  efTects  of  the  simple  con- 
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tinuation  of  action,  and  also  those  of  die  vafiatiotii  in  tliia 
continued  action,  both  in  respect  of  intensity  and  direct 
tion.  The  effect  of  a  mere  continnance  of  action  most  te 
an  acceleration  of  the  motion  ;  or  a  retardaUon  of  it,  if 
the  force  continue  to  act  in  the  opposite  direction.  Th« 
effect  of  the  continued  action  of  a  transverse  force  niust 
be  a  continual  deflection,  that  is^  a  cnrvilineal  moUon; 
These  must  therefore  now  occupy  ow  attention  in  their 
order.  •  '    ^      - 

Ot  ACCBLBRATSn   AWD    tlETARDED   MOTIOMS. 

71.  All  men  can  perceive,  that  a  stone  dropped  from 
the  hand,  or  sliding  down  an  uniform  slope,  has  its  motioa 
continually  accelerated,  and  that  the  motion  of  an  artoifr 
rising  perpendicularly  through  the  air  is  continually  rei- 
tarded;  and  they  feel  no  difficulty  in  conceiving  these 
changes  of  motion  as  the  effects  of  the  continual  operatioa 
of  their  weight  or  heaviness.  The  falling  stone  is  in  fc 
different  condition  in  respect  of  motion  in  the  beginning 
and  the  end  of  its  fall.  In  what  respect  do  these  states 
of  the  body  differ  ?  Only  in  respect  to  what  we  call  its 
velocity.  This  is  an  affection  of  motion ;  k  is  an  expre»- 
aion  of  the  relation  between  the  two  notions  or^deas  which 
concur  to  form  the  idea  of  motion,  namelyj  the  space  and 
the  time.  These  are  aH  the  circumstances  that  we  observe 
in  a  motion.  Time  elapses,  and  during  its  currency  a 
space  is  described!  The  term  veheky  expresses  the  mag- 
nitude of  the  space  which  corresponds  to  some  unit  of  timt. 
Thus,  the  rate  of  a  ship's  motion  is  determined,  when  We 
say  that  it  is  nine  miles  in  an  hour,  or  nine  miles  per  hour- 
We  sometimes  say  (but  aukwardly)  **  The  wotion  is  at 
the  rate,  or  with  the  velocity,  of  a  mile  in  three  days.'* 
It  is  most  conveniently  expressed  by  a  number  of  some 
given  units  of  length,  which  completely  make  up  the  line 
described  during  this  unit  of  time.    But  the  morfiamciaiia 
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ttSfnm  it  ia  4  imj  more  general  by  a  fraction,  of  which 
the  nivnenrtor  if  »  nnmber  of  ioches,  feet,  yardB,  fathoms, 
pr  mileq^  a^d  tlm  denominator  is  the  number  of  seoondi, 
^niiinlei^  ar  k<|iii9,  employed  in  movbg  aloag  this  line. 
XJuB  is  a  Tory. pff^per  ei^iresaion.;  for  when  we  tpeak  of 
.any  Telocity,  ^nd  centiaue  to  reason  from  it,  we  conceive 
euselyQi  to  qieak  iiT  something  that  remains  the  same,  in 
tiu^  different  occasiotis  of  using  the  term.    Now  if  the  Te> 
tloeky  be  constant,  it  is  indifferent  iiow  long  the  line  may 
be )  beeanae  the  time  of  its  description  will  be  lengthened 
ia  the  same  propcttion.    Thns  if  ^  feet  be  described  in 
M  Mgonda,  36  feet  will  be  deacribed  in  9  seconds,  16  feet 
.will  described  in  4  seooads,  be.    Now  4§,  V»  ^^  V«  ^^^ 
iractions  of  equal  ralue,  being  equal  to  $,  cnr  4s  that  is,  to 
the  velocity  of  4  feet  per  second.     The  yalue  of  this  frac- 
tion, or  the  qnotieat  of  the  number  of  the  units  of  length, 
divided  by  the  number  of  units  ol  time,  is  the  number  ^f 
those  units  of  length  described  uniformly  in  one  unit  of  time. 
But  how  shall  we  determine  the  velocity,  in.  any  instant 
or  in  any  point  of  a  motion  that  is  continually  changing? 
Suppose  that  a  body  has  fallen  144  feet,  and  Uiat  we  would 
/ucertaia  its  velocity  in  that  point  of  its  fall,  or  the  veltf^ 
city  which  it  has  in  passing  through  that  point?  In  the 
jiext  second  the  body  falls  112  feet  farther.    This  cannot 
r,bs  the  measure^ of  the  velocity  at  the  beginning  oi*  the 
fourth  or  the  end  of  the  third  second.     It  is  too  great. 
The  fall  during  the  preceding  second  was  80  feet    This  is 

too  small     The  mean  of  these  two,  or  — g — ,  =  -g-, 

2;  96,  is  prci>ably  more  exact.  Due  attention  to  the  na- 
ture of  this  motion  shews  us,  that  96  is  the  proper  measure, 
or  that  the  motion  at  that  instant  is  at  the  rate  of  96  feet 
per  second.  But  it  is  peculiar  to  this  kind  of  motion  that 
the  half  sum  of  the  qpiaces  described  in  two  succeeding 
^equsl  moment  is  the  measure  of  the  velocity  in  the  middle 
instant    Therefore  this  method  will  not  generally  givi? 
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ah  accurate  measure..  Yet  it  is  indispensably  Booessarf  1^ 

.  obtain  some  accurate  measure ;  ior  it  is  in  tliis  particular 

.alone  that  the  state  of  the  body  differs  from  its  stmikr 

state  in  another  instant   The  difference'  of  place  makes  no 

distinction ;  for  if  a  body  continue  its.  motion  unchanged^ 

its  condition  in  every  different  instant  of  time,  or  point  df 

space,  is  unchanged  or  the  same.    The  change  of  place  lis 

not  a  change  of  motion, -but  is  involved  in  the  very  coni- 

ception  of  the  continuation  of  the  motion.    The  change 

of  condition  consists,  therefore,  in  the  change  of  velooify : 

Therefore  the  change  of  Telocity  is  the  only  indieatioD, 

and  the  only  measure  of  the  action  (perhaps  accumulated) 

'  of  the  changing  force.    It  is  therefore  the  chief  object  of 

«our  search ;  and  aocibrate  ^[oeasures  of  velocity  are  absor 

iMtely  necessary. 

When  the  velocity  changes  continually,  there  can  be  ne^ 
actual  measure  of  it.  In  what  then  does  the  magnitude  of 
a  velocity  consist^  when  there  is  no  actual  measure  of 
.  it  ?  It  is  a  certain  undescribable  dbtiriiiiiation  ;  by  which, 
if  not  changed,  a  certain  space  would  be  uniformly  described 
in  a  given  unit  of  time.  Thus  we  know,  that  if,  when  a 
stone  has  fallen  16  feet,  its  motion  be  directed  along  a 
horizontal  pl^ne,  without  diminution,  it  will  move  on  for 
ever  at  the  rate  of  32  feet  per  second.  The  space  which 
would  be  thus  described  is  not  the  velocity,  but  the  measure 
of  the  velocity^  But  the  proportions  of  those  spaces,  being 
the  proportions  of  those  m^sures,  are  the  proportions  of 
the  velocities  themselves.  We  may  discover  these  propor*- 
tions  in  the  following  manner: 

72.  Let  AC6  (fig.  la)  be  a  line  described  by  a  body  with 
a  motion  anyhow  continually,  but  gradually,  yaried;  and 
let  it  be  required  to  determine  the  proportion  of  the  ycIo- 
city  in  any  point  G  to  the  velocity  in  any  other  point  F. 

Axiom.-— If  A  be  to  B  in  a  ratio  that  is  greater  than  any 
ratio  less  than  that  of  C  to  D,  but  less  than  any  ratio 
greater  than  that  of  C  ta  D,  then  A  is  to  B  as  C  to  D.  * 
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^  Take  the  stmigbt  line  aeg  to  represent  the' time  of  th^ 
body^s  motion  4long  AC6,  so  that  the  points,  a,  c,  f,  gj 
maj  represent  the  instants  of  time  in  which  the  body  passes 
through  the  points  A,  C,  F,  6 ;  and  the  portions  ac^  efy 
fg,  of  the  line  a  g^  may  represent  the  times  employed  in 
describing  the  portions  AC,  CF,  FG ;  and  therefore  a  c  is 
to  a/ as  the  time  of  describing  AC  to  the  time  of  desorib- 
lag  AFi 

Moreover,  let  A  A;  n  o  be  a  line  so  related  to  the  straight 
line  acfgj  by  the  perpendicular  ordinates  ah^c  lc,fn,  go^ 
that  the  areas  a c  fc  A,  afnh^  <^gohy  may  be  proportional 
to  the  portions  AC,  AF,  AG,  of  the  line  described  by  the 
moving  body ;  and  let  this  relation  be  true  with  respect'to 
every  point  B,  D,  £,  &e.  and  the  corresponding  points 
i,  iy  e,  &c. 

Then  it  is  affirmed,  that  the  vdociiy  in  the  point  C  is  to 
tte  vebeity  tn  the  point  V  as  ck  is  tot  tl 

Let  the  equal  lines  bc^cd^  e/,  /g,  represent  equal  mo- 
ments of  time,  and  let  B,  D,  E,  G,  be  the  points  through 
which  the  body  is  passing  at  the  instants  6,  <f,  e,g.  Then 
the  areas  bikcj  ekli^  em  nfy  fn  o  g,  will  represent,  and 
be  proportional  to,  the  spaces  BC,  CD,  EF,  FG,  which 
are  described  during  the  moments  bc,cdy  efifg. 

Draw  tp  parallel  to  a  g*,  so  as  to  make  the  rectangle 
itpeeqvLnl  to  the  trapeaium  bike;  and  draw  the  lines 
qtjUTf  sxy  in  the  s%Die  manner,  so  that  each  rectangle 
may  be  equal  to  its  corresponding  trapezium. 

If  the  motions  had  been  uniform  during  the  moments 
ieand/g^  that  is,  if  the  spaces  BC  and  FG  had  been 
miiformly  described,  then  the  velocity  in  the  point  C  would 
have  been  to  the  velocity  in  the  point  F  as  cp  to  fs:  Foi* 
ftince  the  rectangles  btpc  andfsxg  are  respectively  equal 
to  the  trapeziums  bike  and  y  n  o  g ;  and  since  bike  is  to 
/nog  as  BC  is  to  FG,  the  rectangle  btpc  19  to  the  rect- 
angle /«  xg  as  BC  to  FG.  But  because  those  two  rect^ 
Im^les  have  equal  altitudes  be  and  f  g*,  they  are  to  each 
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aAd  FG  Aire  uttfqrmly  di^p^riM  v^  m^  Una99>  tMy  §m 

|)roportioMt  to  tM  T«li9citi£9  pf  thwe  itfiili^fm  «»o|imi^ 
Therefore  cpi^H^f^w  the  r^looiiy  vith  vbifih  BC  if 
unifopmiy  d^ribed  $0  the  yd^ity  with  whvh  F€^  If 
iiDiforoiljr  dewibefl  in  m  eqwd  time. 

But  the  motion  expressed  by  the  figure  is  not  W}fQfm^ 
tec^uiie  the  iwtfhlQ  reeedes  Areip  the  M94  ^  jr^  «Pd  the 
^u^9,  ^ut  ^  bjT  Um»  pAr»ile)  opdio»fet9>  increase  in  «  giie(it#r 
iNToik^itiop  \\m  th^  cprrespoddjug  p^rtji  pf  the  m$i  ttw^ 
is,  the  §p9fi^  imfftm  f^ter  tbw  tinr  tim#9:  for  thy 
mooiAptfi  ic,  io  4,  if%fg9  b^ing  aU  eqwU  ii  is  evident  th#^ 
the  eorreeponduig  fiipA  of  the  wr»a  €optlnu«liy  w^^^a^t. 
The  motion  is  swifter  at  the  instant  c  than  at  tbf  ipstmt 
»,  and  the  velecitj  ^t  the  jin^tfttit  c  is  iffiw^r  thm  that 
with  which  the  sp%pe  BC  wpuld  bf  wiif^rnily  d#«Prihed  b| 
the  same  time.  Fgr  th<^  «a^#  r^MPH*  the  velpeitjr «( the 
instant/is  /^t  tb»n  th«t  with  which  the  ipaee  FQ  wpi^hi 
b?  uniformly  desfirib^d  in  the  §ame  time.  Ther^ins  th# 
yelopity  at  th^  infant  c  U  te  th<^  velocity  at  the  w^uif 
in  %  greater  r^tiD  th^ll  (ha(  pf  c  ji  to/«.  In  the  very  $amp 
manner,  it  wil)  ^ppeer,  by  (sppipgripg  the  npotioa  dwrli^g 
the  moiKieBt  c  d  with  the  niptioh  d^ipg  the  men^Wt  ^f» 
th^t  the  velocity  t^t  thi?  ipcAw.t  <;  i^  to  the  velpoity  i|t  thf 
instmt/in  #  less  wtio  th/M^  that  |?y  tp/r. 

Therefore  the  velocity  in  the  point  Q  is  Iq  the  velocit j 
in  the  poiAt  F  in  a  greater  ratJio  tfafo  that  of  cpt^ft^ 
but  ii^  a  le^s  ratio  than  thi^t  of  c  9  tp/r. 

Sut  by  coptinu^ly  dimifiisbipg  the  egii#l  Q^Pmeiit^  b  ^ 
c  4i  tfyfgy  it  is  evident  th^t  c  j?  and  c  9  continu^dly  apr 
proach  to  equality  with  c  k ;  and  fr  and  fs  ppntinualljr 
apprpach  to  equality  with  /»»  that  wh^P  cpia  le#s  th<u| 
p  kyfa  is  grept^  than  /i^  and  when  c  q  is  greater  thaii 
f  4i/ris  le89  than/nt 
;    therefore  the  velocity  in  the  point  C  if  tQ  the  v^oeitj 
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jpi^faffotelFiniimw  Urnti^  $mU^  tluuitiierAlioDr 
419  iiw  b94  tliw  fik  to  atigf  lip^  gr««ifir  Uiaa  /%  but 
«iB(4i  if  Um  tbw  tlH9  rj^ip  eC^py  l|ii«  greater  ihM  « /r  tf 
99^  Ikie  l^ip  tfm/«-  TUrefofe  Ui«  rrtiQ  of  the  rdoi- 
dtjinC  tQ^  v4ocity  in  V  jn  ffre^ter  tb^9  wyfreJ^ 
tk$t'mUm  tlm  ilvii of  c  i  tQ/«»-  but  U  is  |e9#  than  1U17 
jnOtf  tl^  w  9f«fw  Un»9  that  pr  c  A  to/sL  Therefaiv 
tb6  vefocUy  in  tiM  ppiiit  C  is  IQ  Ui«  velocity  i»  tb«  point 

Tkk  imp9himt  timtwrn  may  bo  eupmyed  in  more  gf^ 
lifffU  tarfiif  ip  (bUoiTf  2 

Jfih  €tm0$a  a  f  ff  #  Um  b  k  0  rQMtiriif  1^  ^nm  ff  ow 
«Mttfl^  ff^if  ^  §re%s  bm^M  iv  W^i^^M  mr4mk»  he  pro* 

It  M10  «f  JMf  »^. 

SwfiMi^.  Thp  pnopHaty  or  o^ittido  of  eiproMisg  tbe 
^no  bf  tho  poftiom  af  the  01^3  «  0  ^»  wifl,  perbapa^  afi^ 
pear  more  eloariy  in  the  foHawiog  manner. 
.  I^et  0cgh$  any  atraigbt  line*  and  let  A'  ^  t  be  another 
line,  alraight  or  corf  id*  Let  the  Btraigbt  line  a  A  a,  pan- 
pendicubnr  to  49^*  be  (reniad  uniformly  down  along  ibia 
line,  keeping  elw*ya  perpendicular  to  it,  and  tbeNifciDf 
el vaya  pveUel  to  ila  first  poeition  a  A  «.  In  ita  varioua 
^tnationa  r  <r  r*  e  anBTy  fcr*  it  will  ont  off  areaa  a  c  &  Af  a  e  ai  A| 
te.  bonndfd  by  tbo  aiis  by  the  oidinatat  o  A  and  c  fe^ 
or  by  the  ordinatea  ^4  and  0  a^  fce.  and  by  the  line  A  A^ 
By  tfaii  Diolioii  tbe  moveable  ordinate  is  said,  in  the  lan- 
gnaga  of  modem  geometry,  togcnmiirtheareasaeAA^ 
aemh^  kc.  At  the  eama  timot  let  a poiot  A  more  along  the 
fine  ACQ,  eetling  out  from  A  at  the  instant  wbcs  the  line 
as  letf  out  frean  a ;  and  let  the  motioa  of  the  point  A  be 
io  fegnletod,  that  the  spaces  AB,  AC,  AD,  ke.  generated 
by  IhM  motion,  asay  iocraase  at  tbe  same  rate  with  the 
iWeas 0^,  rA,  apAA,  ad/A,  &e.  or  sach  that  we  sbali 
hare  AB  to  AC  as  a  6 1 A  to  a  c  A  A,  &c;  It  is  plain,  that 
lAe  motioa  along  AG  is  the  saau  with  thai  described  io 


Digitized  by  VjOOQIC 


90  l>YNAMICg. 

the  enunciaCioii  ot  the  proposition :  tor  because  die  mo- 
tion of  the  ordinate  a  z^  along  the  axis  ag^  is  supposed  t6 
be  uniform^  the  spacesa  h^  ae^ai^  &c.  ate  proportional  to 
the  titnes  in  which  thej  are  described,  and  maj  therefore 
be  taken  to  measure  or  to  represent  those  times. 

73.  Cor.  1.  In  a  motion  ccniinuaUy  eariedy  the  vdocittea 
in  the. different  pointt  of  the  path  are  to  each  other  in  the  li^ 
^miting  or  ultimate  ratio  of  the  spaces  described  in  equal  times^ 
those  times  being  supposed  to  diminish  continually :  for 
it,  is  evident,  that  if  the  equal  moments  6  c,  cd,  f/,/^» 
are  supposed  to  diminish  continually,  till  the  instants  b 
end  d  coalesce  with  c,  and  the  instants  e  and  g  coalesce 
with/;  then  the  ratio  of  ckiofn  is  the  limit  of  the 
ebntinually  increasing  ratio  of  cj9  to/«,  or  of  the  contit- 
nually  diminishing  ratio  of  c  f  to  /r.  Sir  Isaac  Newton 
calls  this  the  ultimate  r#tio  of  ep  to/«,  or  of  cf  to  fr. 
Now  the  riitio  d(  cptofsis^  bj  construction,  the  same 
with  the  ratio  of  the  rectangle  htpcio  the  rectangle /# 
»gy  and  the  ratio  of  cqtofris  the  same  with  the  ratio 
of  the  rectangle  cqvd  to^ the  rectangle  e u rf  But  the 
ratio,  of  the  rectangle  6  f  p  c  to  the  rectangle /«  xg^  is  the 
same  with  the  ratio  of  the  space  6 1  (  c  to  the  space  fn 
eg;  that  is  (bj  hypothesis),  the  same  with  the  ratio  of 
the  space  BC  to  the  space  FG ;  and  the  ratio  of  the  rect* 
angles  cqvd  and  e ti rf  is  the  same  with  that  of  the 
apaces  CD  and  EF.  Therefore  the  ratio  of  the  velocity 
at  C  to  the  velocity  at  F  is  the  same  with  the  ultimate 
ratio  of  the  small  increments  QC,  FG,  or  CD,  EF  of  the 
apaces  generated  in  very  small  and  equal  times. 

It  is  also  evident,-that  because  the  ratio  of  c  k  to  fn  in 
the  limit  boUi  of  the  ratio  of  cp  to/s  and  of  the  ratio 
of  c  9  to./r,  these  ultimate  ratios  are  the  same,  and  that 
we  may  say  that  the  velocity  in  C  is  to  the  velocity  in  F 
in  the  ultimate  ratio  of  BC  to  EF,  or  in  the  ultimate 
ratio  of  CD  to  FG. 
.    We  also  can  easily  perceive^  that  the  ratio  of  the  area 
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'hike\o  iUe'^imsa  e)nnf  ttpproacbca  moi^  iieiir  to  the 
ratio  of  c  ik  to  fn  as  we  take '  the  moments  b  c  and  ef 
suudler.  -llierefope,  in  many  eases  of  praetice^  where  Sb 
maj  be  easy  to  measure  the  spaces  described  in  the  differ* 
-eiitsmatl  mbilieBt^  of  .the  tnotion,  bnt  difficah -to  asceiU 
tain  their  ultimate  ratio,  so  as  to  obtain  accurate  mea- 
sures of  the  proportipns  of  the  velojpities^  we  inay  reduce 
tiie  errors  of  measurement  to  something  very  insignificant, 
by  taking  these  moments  extremely  sinall ;  and  we  shaU 
diminish  the  error  still  more,  by  taking  the  j^oportion  of 
tihe  half  sum  of  BC  and  CD  to  the  half  sum  of  EF  an^ 
FG  for  the  proportion  of  the  velocities  in  Q  find  F. 

It  oheh  happens  that  we  have  it  not  in  our  power  to 
compare  the  spaces  described  in  small  moments  which  an^ 
precisely  equal.     Still  we  can  find  the  exact  proportion 
«&  the  Velocities,  if:  we  can  ascertain  the  ultimate  ratio  of 
the  increments  of  the  spaces,  and  the  ultimate  ratio  of  the 
jihoffieiits  6f  time  ip  whi^h  Uiese  increments  are  described ; 
for  it  is  plain,  by  considering  the  gradual  approach  of  the 
foints  ji  aqd  r  to  the  points  k  aind  n,  that  the  ratio  of  c  J; 
tofn  is  still  the  ultimate  ratio  of  the  bases  of  rectangles 
equal  to  the  mixtiHn^al  areas,  wh^er  the  altitudes  (re* 
-presenting  the  moments)  are  equal  or  not.    Now  the 
.bases  of  two  jrectangles  are  in  the  proportion  of  the  rect- 
angles directly,  and  of  their  altitudes  inversely.    But  the 
ultimate  ratio  of  the  altitudes  is  the  ultimate  ratio  of  the 
•IPl39neBtts,  and  the  ultimate  ratio  of  the  rectangles  b  the 
ultimate  ratio  of  the  spaces  described  in  those  unequal 
moments.    Therefore,  in  such  eases,  we  have, 

74.  Cor.  9.  The  vehciHes  art  in  the  ratio  cmupmmdtd  of 
lie  Uttel  uUifwUe  ratio  of  the  momeiUary  increments  of  the 
epocttj  and  ihe  inverse  ultimaU  ratio  of  the  increments  {or 
memenis)  of  the  times  in  which  Aheae  increments  of  the  spaces 
artmade* 

^    If  #,  f7,  and  ti  are  taken  to  rcfpresent  the  magnitudes  of 
the  spaces,,  vdocities,  and  times^  md  if  «>  t,  and  t,  are 
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44lEW  4«ff  J4.  m  i^Umtisig  or  ultimate  ratio  of  thdr 
roomefitaiy  iqcreinent^  we  4MI  ll^ve  v  alway*  in  the 
proportion  of  4  dire«tljF>  and  of  (  iavenelj.    We  eip 

jHreM  tlii«  by  Ijbe  proportioiial  equation  v  4=-r»    wlu«|i 

Is    equiTalent    to    the    analogy    V  :  t>  =  -7  :  — ,  or 

T      i 

75.  N'.  B.  Here  observe,  that  this  is  not  the  only  way 
'of  stating  the  relation  of  space  and  time — ^the  abscissa 
may  be  made  the  time  and  the  ordinate  the  space ;  then 

the  Tclodty  =  4^* 
•  «p 

The  taoBTefae  ef  tkaa  {Mropoiilien  may  be  thns  mm- 

•{nresied* 

96.  IfUm  am  a  g  of  <ie  Urn  h  k  o  nprtwM  the  iimt  rfa 
•vorcNl  eialMii  oUmg  Uu  Ime  AG,  and  tf  ike  ordtaelet  a  h, 
hi,  ckf  4rc*  he u^ ike vtlodiiis in  lA« in$iaMt»  a,  b,  c, or  m  lAe 
pamUA^  B,  C;  tkm  ih  oreot^sbih,  aekh,  adlh,  ^^ 
mepropmiiotuU  to  lie  fpaee«  AB,  AC,  AD»  4v. 
«  Tim  may  be  demonstrated  i|i  the  swie  way  with  the 
^fimner ;  bat  the  indirect  demonstration  is  mere  brief,  and 
<ef  uatty  strict 

If  the  sjpaoes  AC,  AF»  81c.  are  sot  prop<Mrtlonal  to  the 
mrfMackk^afnhf  fccr  they  are  proportional  to  some 
fltber  areas  ackh-yafnf  h'y  tee.  which  are  bounded  by  the 
same  ordinates,  and  by  another  line  hf  k  nf.  But  because 
Uie  areas  aekk\  afn'  h\  he.  are  always  pi^portional  to 
the  spaces  AC,  AF,  &c.  described  on  the  line  AG,  the  veloh- 
eity  in  the  point  C  is  to  the  Telocity  in  the  point  F  as  the 
cirdifiate  c  ib  is  to  the  ordinate  /  n'.  Bot,  by  bypothesia, 
the  Telocity  in  C  is  to  the  velocity  in  F  as  c  &  to/n,  and 
fri  is  equal  iofn ;  which  is  absurd.  Tfao^eibie  the  spaces 
AC,  AFy  are  not  proportionid  to  any  other  areas,  &c. 
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77.  Cor.  ThiMmaU rdtw  if  Ai "fmmmkfy htetmhiU 

«f  (fe  qMMet  iff  ampaimded  of  Ae  raiia  «f  Iht  veheMtk^  mni 

fk  MhoU  rolA  fl/  iAr  iktrtmiMU  of  the  timis:  foT  whm 

the  moments  i  ^  t/,  are  equal,  it  k  evideat,  Ibat  tlieid^f 

timftte  ratio  of  the  rectangles  bept^  tfrmU  the  Mane 

witk  tke  altiuate  ratio  of  tlie  incrementl  of  the  spieefe 

Bat  the  ultimate  ratio  cf  these  reetan^e*  is  the  saaM  with 

that  of  tteh*  bases  tp  aifd/r;  that  is,  the  ratb  of  cik  ta 

/%  ^t  is,  the  ratio  of  die  Teldcit]a&    'And  when  the 

laoments  are  aoeqilsl,  the  ratio  of  tiia  redtaiiflea  is  mmk* 

poanded  of  the  ratio  of  their  bases  and  the  latid  «f  tbeia 

Hkitodes;  that  is,  compeulided  af  the  ratio  of  Che  T^laet^ 

ties  and  the  aHimate  ratio  of  the  momeBta  irf  tiaie. 

We  have,  therrfere,  S:  9  s:^  Vl? :  el,  ted  s  ^vl 

It  most  eommotily  happens,  that  we  can  oslj  ebKrft 

the  accnmulated  resaks  of  Taried  motiotts;  and  m  thsas 

we  only  observe  a  space  passed  over,  and  a  ceriai*  poa^ 

tionoftime  that  has  elapsed  dunng  the  mation.    But 

hang  aUe  to  distinguish  the  portions  of  the  whole  space 

whidr  are  described  hi  known  pdrtiotts  of  the  whole  time^ 

and  having  made  such  observations  fai  several  parts  of  tlla 

motion,  we  discover  the  genial  law  that  jtha  matioB  afi* 

fects,  and  we  afifirm  this  law  to  hold  usiversall^^  aven 

though  we  have  not  obserted  it  ht  every  point*    We  do 

this  with  a  degree  of  probability  and  confidence  psopop- 

tioned  to  the  fi^uency  of  our  observation.    It  is  not  tiH 

we  have  done  this,  that  we  can  make  use  ef  the  first  et 

these  two  propositions,  which  enables  us  to  ascertdia  the 

velocttj  of  the  motion  in  its  diflFenent  ntotnents.    Ililu  if 

tre  observe,  t)rat  a  stone  in  falKng  deseends  one  foot  in 

the  quarter  of  a  second,  1^  feet  in  a  second,  M  feet  it 

two  seconds,  and  IM  feet  in  three  seconds;  the  general 

law  immediately  observed  is,  <'  that  the  spaoes  desoribod 

are  as  the  squares  ofth^  tnnes  C'  fer  1  is  to  Id  as  the  square 

ef  I  to  the  square  of  1 .    Again,  10  is  to  M  ai  I  *  to  9*  <; 
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and  16  is  to  144  as  1«  to  3'^  Heace  We  iitf6r,  wltli^at 
probability^  that  tbe  stone  woald  faU  3&  feet  in  a  second 
and  a  half;  for  16  is  to  36  as  1*  to  li'' ;  and  we  conclude 
in  the  sam^  way  forall  other  parts  of  the  motion. 

78.  This  immediate  observation  of  the  analogy  between 
the  spaces,  and  the  squares  of  the  times  BUg£;ests  an  easy 
determination  of  the  Velocity  in  this  particular  kind  of 
motion ;  and  it  merits  particular  notice,  being  very  often 
ipefenred  to.  We  can  tike  agio  irepresent  the  time ;  and 
then,  because  the  areas  which  are  to  represent  the  spacef 
described  must  be  proportioned  td  the  squares  of  the  por* 
tionaof  it^,  we  perceite  that  the  line  which  comes  in 
place  otika  must  be  a  straight  line  drawn  from  o.  For 
example,  the  straight  line  ai  yi  For  this  is  the  only 
Ixiundary  which  will  give  areas  ab^^  ac»,ad%^  &c.  pro« 
portional  toai%  ae^,  ad^^  &c.  And  we  perceive,  that 
any  straight  line  drawn  from  a  will  have  thia  property. 

Having  thus  got  our  representations  of  the  times  and 
tbe  spaces^  we  say,  on  the  authority  of  our  theorem,  that 
the  velocity  at  the  instant  i  is  to  the  velocity  at  the  in- 
stant d  as  6^  to  d^,  &e.  And  now  we  begin  to  make  in<- 
ferenees,  pur^y  geometrical^  and  e:q>ress  our  discovery 
of  the  velocitito  in  a  very  general  and  simple  manner. 
We  remark,  that  6Ais  tod)  as  aft  is  toad;  and  we  make 
the  same  aflSrmatioki  concerning .  the  magnitudes  repre- 
sented by  these  lines.  We  say  that  the  velocity  at  the 
instant  ft  is  to.  the  velocity  at  the  instant  d  as  the  time  a  b  - 
is  to  the  time  a  d.  We  say,  in  terms  still  more  general, 
that  tbe  velocities  are  proportional  to  the  times  from  thje 
beginning  of  the  motion.  We  moreover  perceive,  that 
the  spaoea  ai^e  also  proportional  to  the  squares  of  tbe  ac- 
quired velocities }  or  the  velocities  are  as  the  square  roots 
4»f  the  spaces. 

We  «an  farther  infer,  from  the  properties  of  the  tri- 
angle^ that  the  momeiitary  increments  of  the  spaces  a^e 
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fropoitioiial  to  the  momentary  incran^iity  of  the  squareA 
oi  the  times,  or  of  tl^e  squares  of  the  yelocities. 

We  al^  observe,  that  oot  only  the  whole  acquired  ve*  - 
locitie^  are  proportional  to  the  whole  ehipsed  times^  but 
that  the  increments  of  the  relocities  are  proportkmal  to 
the  times  in  which  they  ^se  acquired ;  for  r »  is  to  ^f  aa 
i  c  to  df,  &C.  Equal  increments  of  Telocity  are  therefora 
acquired  in  equal  times.  Therefore  such  a  motion  may^ 
«n  great  propriety  of  language,  be  denominated  af  vm- 
FORMiiT  AccsLSRATBo  MOTION ;  that  is,  a  motton  in  wkkh 
we  ofacrve  the  spaces  propartumed  to  the  squares  of  ike  times^ 
is  a  motion  mdfigrmly  accelerated;  and  spaces  in  the  dupli* 
cate  ratio  of  the  times  form  the  ostensible  characteristic 
of  an  uniformly  accelerated  motion. 

79.  Lastly,  if  we  draw  s  x  parallel  to  the  axis  o^ft,  we  per^ 
cdve  that  the  rectangle  aesx  is  double  of  the  triangle 
aeu  Now,  because  ae  represents  the  time  of  the  mo» 
tion,  and  ct  represents  the  acquired  velocity,  .the  rec« 
tangle  aeix  will  represent  the  space  which  would  be  uni« 
tormfy  described  with  the  velocity  e%  during  the  time  ae. 
But  the  triangle  a  e  %  represents  the  space  really  described 
with  the  uniCormly  accelerated  motion  during  the  same 
time.  Hence  we  infer,  that  the  space  that  is  described  in 
any  tim^  with  a  motion  increasing  uniformly  from 
nothing,  is  one  half  of  the  space  which  would  be  uni* 
formly  described  during  the  same  time  with  the  final 
▼ekdty. 

These  are  but  a  part  of  the  inferences  which  we  may 
draw  from  the  geometrical  properties  of  those  representa- 
tions which  we  had  selected  of  the  difTerent  measurable 
affections  of  motioa.  We  may  affirm,  with  respect  to 
the  motions  themselves,  all  the  inferences  which  relate,  to 
magnitude  and  proportion,  and  thus  improve  our  know- 
ledge of  the  motions. 

We  took  the  opportunity  of  thi?  very  simple  ^»id  per- 
^icuous  example^  to  give  our  young  readers  a  just  cpn- 
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nical  knowledge,  Mi  to  oMke  tkdm  setuiible  df  tlve  ui>a 
•qveAioniUi  Mt4«riiy  ftr  ererf  ilieor^m  iMueed  in  Chit 
iiatiner. 

Qm  ^  the  mwt  kiMpoititiit  k|  «tf  dkettt^  the  mttii^ 
Milaied  rtsult  cf  ft  trttfCiM  <tf  Whkfa  M^  only  dbMfve  tl^ 
UMMttUrf  iocstemMtM^  This  to  to  be  doile  by  ^Mikg 
Ihe  flret,  or  poiiloiM  cff  the  area,  #f  the  miitililiefti  wpsM 
ag6h;  and  it  itf  etidmtly  anridgbM  to  tlMf  iH?eM6  t»^ 
liiod  of  flttsiom,  or  the  integral  MleuitlA. 

In  iMst  casei^  we  mekt  tfraA  MMeHw  of  the  iftM>9lhi» 
fy  s^^tfi^  aad  we  obtain  tfee  MAMiofi  o^  our  q^eBtkM 
Miy  in  the  caaee  wAi^e  our  knowledge  of  the  4«Mib 
ties  i)  t,  and  v  (considleped  a9  geomefirtcal  inagtiitiideH 
that  hy  as  Kil^  and  surfiMes),  enables  ns  to  d&seohrer 
iindf.  ' 

OF  ACcattRAtiifo  id^i^  aafAitoiito  ^oiUdBa. 

8C^.  RAtiw o  tbtt»  diAcorered  the  ptopotticm  of  the  tej^ 
^ties  in  teolioMtf  Varying  At  any  manner  whateter,  vre 
tstt  observe  tni?  ^aiflfthMifs  #lfi^  happ^  hi  tbetti.  ?hese^' 
VariatiMs  are  the  eil^^is,  and  the  dtily  marks  and  mes^ 
stfres  of  the  cfean^ghig  ferees;  ^b^y  ar^  the  ohatticteri^ 
ties  of  their  kinds  (consid'ered  itterely  as  monng-  Utt^Ji 
that  is^  the  indieattoits  of  t!b^  dbiBett<5n«  hi  which  fhey 
act ;  for  this  is  the  only  difference  in  kind  of  wlMt  thejr 
are  sUseetrtlMe  in  this  general  point  of  vi^.  If  they  in-& 
crease  the  velbcHy,  theh*  direction  must  he  conceived  atr 
the  same  with  (hat  of  the  pretions  mMiotr;  because  the 
tesutt  of  the  a(ftioft  of  a  forcef  is  equivalent  to  the  cottl^ 
|K>ntioii  of  the  mofiott  which  that  farce  would  prodtfce  ml 
w^tnescent  faefdy  wift  the  motioit  ahready  e^tisthig;  and 
an  increase  of  velocity  is  equivalent  t<y  the  Composition  df 
a  ttotv^  in.  the  same  direction. 
^  Havmg  no  other. mark  of  the  fokte  but  the  aceeleni^ 
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tioB,  we  bare  )i6  OtKtir  bnAie  for  it  in  the  abstract  doe- 
triaes  ^  djnamics',  and  we  call  it  ata  accelerating  vorcb^ 
Had  it  retired  the  motion,  We  should  have  called  it  a 

ak^ARDIlf  G  t^ORCB; 

In  like  maAner,  We  hav«  no  measure  bf  the  ^Hagnitudi 
&r  httens^  of  lih  accelerating  force,  but  the  acceleratioil 
isioA  it  pit>daeea.  In  order  therefore  to  investigate  the 
powers  which  produce  all  the  efaanges  of  motion,  w^  must 
endeavoor  to  obtain  mea^res  of  the  acceleration. 

A  continual  increase  o^  vdocity  is  the  effect  of  the  coM* 
tinned  action  of  aeeekrating  forces.  If  equal  increments 
of  velocity'  are  produced  in  every  succeeding  equal  mo- 
JbCDt  dp  time^  we  cannot  conceive  that  there  is  ikny  change 
in  the  accelerating  forbe.  Therefore  a  unifohnlj  accele* 
hiled  motion  is  the  mark  of  the  unvaried  action  of  an  ac* 
celerating  force,  that  is^  of  the  continued  action  of  a  con* 
rtant  force ;  of  a  force  whose  intensity  is  illways  the  sathe; 
When  therefore  we  observe  a  body  describe  spaces  pfo- 
portional  to  the  squares  of  the  times^  we  must  itifer  that 
it  is  ui^ed  forward  by  a  force  whose  intensity  does  not 
change ;  and^  on  the  other  hand,  a  constant  force  must 
prodace  a  uniformly  accelerated  motion  by  its  continued 
actum*  And  if  any  previous  circumstances  assume  us  of 
this  contitttted  action  of  an  invaried  forces  trie  may  make 
an  the  inferences  which  were  mentioned  under  the  article 
of  miformly  accelerated  motion. 

That  force  must  surely  be  accounted  double  which  pro- 
duces a  doiibfe  increment  of  velocity  in  the  same  time  by 
its  nnifofm  action,  we  can  foi'm  ho  other  estimation  of  its 
magnitude.     And,  in  general,  accelerating  forces  must  It 
auomUed  fmtpOTtianal  to  the  increments  of  velocity  which  they 
prothiee,  by  acting  unifonnly  during  the  same  or  equal  times. 
Soffpasing  them  to  act  on  a  body  at  rest     Th^n  the 
rehcitr  produced  is  itself  the  idcrement ;  and  we  must 
ssf   thst  Accelei*ating  forces  are  proportional  to  the  velo- 
diies  which  they  generate  in  a  body  in  equal  times.    And 
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because  we  found  (Kb.  79«)  thfti  the  space  described  with  a 
uniformly  accelerated  0M>tkni  is  half  the  space  which  would 
he  uniformly  described  in  the  same  time  With  the  final  ve- 
locity, which  space  is  the  direct  measure  of  thi»  velocity, 
and  because  halves  have  the  same  proportion  with  the 
wholes— -we  may  say,  that  aecekratiBg  foreea  are  jnvpor^ 
tumd  to  the  spaces  tkr0ugh  which  l&ey  impel  a  bad^Jrom  resC 
in  equal  times  (ty  lAeir  unifitrm  actimk 

This  is  an  important  remat k ;  because  it  gives  us  an 
easy  measure  of  the  force,  without  the  trouUe  of  first 
imputing  the  velocities.  It  also  gives  us  the  only  dis- 
tinct notion  that  we  hav^  of  the  measurement  of  forces 
by  the  motions  which  they  produce.  When  speaking  o£ 
the  composition  of  forces,  we  distinguished  or  denomi* 
Dated  them  by  the  sides  and  diagonal  of  a  parallelogram. 
These  lines  roust  be  concdved  as  proportional  to  the  spaces 
through  which  the  forces  urge  the  body  umformfy  during 
the  small  and  insensible  time  of  their  action,  which  time 
is  sui^iosed  to  be  the  same  for  both  -forces ;  for  the  sides 
of  the  parallelogram  are  supposed  to  be  separately  de^ 
scribed  in  equal  timies,  and  therefore  to  be  proportional  to 
the  velocities  generated  by  the  constituent  forces.  If 
indeed  the  forces  do  not  act  uniformly,  nor  similarly,  not 
during  equal  times,  we  cannot  say  (without  farther  inves* 
tigatioo)  what  is  the  proportion  of  the  intensity  of  the 
forces,  nor  can  we  infer  the  composition  of  their  action. 
We  must  at  least  suppose,  that  in  every  instant  of  this 
very  sknall  time  of  their  joint  action,  their  direction  re* 
mains  unchanged,  and  that  their  intensities  are  in  the 
same  ratio.  We  shall  see  by  and  by,  that  with  these 
cimditions  the  sides  of  the  parallelogram  are  still  propor- 
tional to  the  velocities  generated.  In  the  mean  time,  we 
may  take  the  spaces  through  which  a  body  is  uniformly 
impelled  from  rest  (that  is,  with  a  uniformly  accelerated 
motion)  as  the  measures  of  the  forces ;  yet  these  spaces 
are  but  the  halves  of  the  measures  of  the  vdocities.  Then, 
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if  ft  bodjr  lie  moYing  with  tke  Telocity  of  32  feet  per  se- 
cond, and  an  accelerating  finrce  acts  tm  it  during  a  second, 
aadif  this  ioice  be  such  that  it  would  impd  the  body 
(from  a  state  of  rest)  16  feet,  it  will  add  to  the  bodj  a 
Tdocity  of  32  feet  per  second.  Accordingly,  this  is  the 
sisei  of  grafity^-the  weight  of  a  pound  of  lead  may  be 
fMsUNred  m  a  force  which  does  not  vary  in  its  intensity. 
Weimow  that  it  will  cause  the  lead  to  fall  16  feet  in  a 
second ;  but  if  the  bodjr  haa  already  iallen  16  feet,  we 
knoir  thai  it  is  then  moving  with  the  relodty  of  32  feet 
per  second.  And  the  fact  is,  that  it  will  faU  48  feet  far* 
ther  in  the  next  second,  and  will  have  acquired  the  velo- 
city of  64  feet  per  second.  It  has  therefore  received  an 
augmentation  of  32  feet  of  velocity  by  the  action  of  gra- 
vity during  the  second  second ;  and  gravity  is  in  fact  a 
constant  force,  causing  equal  increments  of  velocity  in 
equal  times,  however  great  the  velocities  may  be.  It  does 
not  act  like  a  stream  of  fluid,  whose  impulse  or  action 
diminishes  as  the  solid  body  withdraws  from  it  l>y  yield- 

But  supposing  that  we  have  not  compared  the  increments 
of  velocity  uniformly  acquired  during  equal  times,  in  what 
manner  shall  we  measure  the  accelerating  forces  ?  In  such 
a  case,  that  force  must  be  accounted  double  which  gene- 
rates the  same  vdodty,  by  acting  uniformly  during  half 
the  time ;  for  when  the  force  is  supposed  invariable,  the 
changes  of  velocity  which  it  produces  are  proportional  to 
the  times  of  its  action ;  therefore  if  it  produces  an  equal 
velocity  in  half  the  time,  it  will  produce  a  double  velocity 
in  an  equal  time,  and  is  therefore  a  double  force.  The 
same  may  be  said  of  every  proportion  of  time  in  which 
an  equal  change  of  velocity  b  produced  by  the  uniform 
action  of  an  accelerating  force.  The  force  must  be  ac- 
counted greater  in, the  same  proportion  that  the  time 
required  for  the  production  of  a  given  velocity  in  a  body 
is  Ies§*     Hence  we  infer,  that  accelerating  forces  are  tn^ 
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ver$dy  proportional  to  the  time  in  which  a  given  change  of 
velocity  is  produced  by  their  uniform  aOion. 

By  combihing  these  two  [Propositions  we  establish  this 
general  theorem ; 

82.  Accelerating  forete  ate  proportional  to  the  changes  of 
velocity  which  they  produce  in  a  body  by  their  uniform 
action  directly^  and  to  the  times  in  which  these  changes 
are  produced  inversely. 

If,  therefore,  A  and  a  are  the  forces,  V  and  v'  the 
changes  of  velocity,  and  T'*  and  t'  the  proportions  of  time 
in  which  they  are  uniformly  produced,  we  have 

And  a  =f=  Y"' 
The  formula  a===-p-  is  not  festricted  to  any  particulaif 

magnitude  of  v'  and  f.  It  is  true,  therefore,  when  the 
portion  of  time  is  diminished  without  end ;  for  since  the 
action  is  supposed  uniform,  the  increment  of  velocity  is 
lessened  in  the  same  proportion,  and  the  vdae  of  the  frao- 

tion  -y  remains  the  sarne^    The  characters  or  symbob  tf 

and  t^  are  commonly  used  to  express  ^nite  portions  of  v 

and  L  The  symbols  v  and  t  are  used  by  Newton  to  ex** 
press  the  same  things  taken  in  the  ultimate  or  limit* 
ing  ratio.  They  are  usually  considered  as  indefinitely 
small  portions  of  v  and  t.    We  small  abide  by  the  formula 

V 

•    t 

83.  It  must  always  be  ktpi  in  blind,  (hat  t)  And  t  are  ab- 
stract numbers ;  and  that  v  refers  to  some  unit  of  space^ 
such  as  a  foot,  an  inch,  a  yard ;  and  that  t  refers  to  some 
unit  of  time,  such  as  an  hour,  a  minute,  a  second;  and  es- 
pecially that  a  is  the  number  of  the  same  units  of  space, 
which  will  be  uniformly  described  in  one  unit  of  the  time 
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with  the  Tdocity  generated,  by  the  force  acting  uniformly 
daring  ikai  unit.  It  is  twice  the  space  actually  described  by 
the  body  during  that  unit  when  impelled  from  rest  by  the 
aeceleratiog  force.  It  is  necessary  to  keep  hold  of  these 
dear  ideas  of  the  quantities  expressed  by  the  symbols. 

On  the  other  hand,  when  the  measure  of  the  accelera- 
ting force  is  previously  known,  we  employ  the  theorem 
at  ^tf  ;  that  is,  the  addition  made  to  the  velocity  during 
the  whcrie,  or  any  part,  of  the  time  of  the  action  of  the 
farce,  is  obtained  by  multiplying  the  acceleration  of  one 
unit  of  time  by  the  number  of  such  units  contained  in  ('. 

These  are  evidently  leading  theorems  in  dynamics; 
because  all  the  mechanical  powers  of  nature  come  under 
the  predicament  of  accelerating  or  retarding  forces.  It  is 
the  collection  of  these  in  any  subject,  and  the  manner  in 
which  they  accompany,  or  are  inherent  in  it,  which  deter- 
mine the  mechanical  character  of  that  subject ;  and  there- 
fiire  the  phenomena  by  which  they  are  brought  into  view 
are  the  characteristic  phenomena.  Nay,  it  may  even  be 
questioned,  whether  the  phenomena  bring  any  thing  more 
into  view.  This  force,  of  whioh  we  speak  so  familiarly, 
is  no  object  of  distinct  contemplation;   it  is  merely  a 

something  that  is  proportional  to  -:-.    And  when  we  ob- 

sei^ve,  that  the y  found  in  the  motions  that  result  from 

T 

the  vicmity  of  a  body  A,  is  double  of  the  ^^  which  results 

from  the  vicinit  j  of  another  body  B ;  we  say  that  a  force 

Ttsiies  in  A,  and  that  it  is  double  of  the  force  residing  in 

B.    The  accelerations  are  the  things  immediately  and 

tmlf  expressed  hy  these  symbols.    And  the  whole  science 

Adynamics  xnay  be  completely  taught  without  once  em- 

fAorin^  the  wordforcty  or  the  conception  which  we  imagine 

thai  we  form  ^  *^*     ^^  '^  ^^  °<>  ose  ^iH  we  come  to  study 
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the  mechanical  histoij  of  bodi^.  Then,  indeckl,  we  muat 
bave  some  waj  of  expressing  the  fact,  that  an  acceleratkm 

= — p; —  is  observed  in  every  thing  on  tl^e  surface  of 

418  feet 
tliis  globe ;  and  that  an  acceleration  :=  — p-f —  ^  ob- 
served over  all  the  surface  <^  the  sup.  These  facts  are 
characteristic  of  this  earth  and  of  the  sun;  and  we  eiq>reqs 
them  shortly  by  saying,  that  such  and  such  forces  reside 
in  the  earth  and  in  the  sun.  It  will  preserve  us  froni 
many  knistakes  and  puseling  doubts,  if  we  reso|Iutely  ad« 
here  to  this  meaning  of  the  term  force ;  and  this  will  cany 
mathematical  evidence  through  the  whole  of  onr  investi- 
gations. 

84.  As  velocity  is  not  an  immediate  diject  of  oontempl»» 
tion,  and  all  that  we  observe  of  motion  is  a  space  and  a  tioie, 
it  may  be  proper  to  give  an  expression  of  this  measure  of 
accelerating  foroe  wMcb  involves  no  other  idea.    Stt[^K»ing 

the  body  to  have  been  previously  at  rest,  we  have  <^^  -j* 
Multiply  both  parts  of  the  firaction  by  I,  which  does  not 
change  its  value,  and  we  have  a  ==  yy.     But  t?  f = « ;   aqd 

therefore  a  =  ~. 

The  formula  a  =  -y^  is  equivalent  to  the  proportioti 

t^  :  1  =:s :  a;  and  a  would  then  he  the  space  through 
which  the  accelerating  force  would  impel  the  1)ody  in  one 
unit  of  the  time  (.  But  this  is  only  half  of  the  measure 
of  the  velocity  which  the  accelerating  force  generates 
during  that  unit  of  time.  For  this  reason  we  did  not 
express  the  accelerating  force  by  an  ordinary  equation, 
but  used  the  symbol  ==.  In  this  case,  therefore,  of  uni- 
form action,  we  may  express  the  accelerating  force  by 
2s        ' 
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The  fellowiiig  tlie<»rem  is  of  still  more  extensive  use  in 
all  dynamical  disquisitions. 
8&  jiecekrating  fofte$  art  prapmiianal  to  the  nwmentary 
increments  rf  the  iquarea  of  the  velocities  dtrettljfj  and  to 
the  spaces  ^abmg  mhtck  they  are  uniformly  aejuired  in- 
versely. 
Let  A'B,  A'C,  and  AD  (fig,  14),  be  three  lines,  describ- 
ed in  the  same  or 'equal  times  by  the  uniform  action  of  ac- 
ederating  f<Mrees ;  the  motions  along  these  lines  Vill  be 
mufonaly  accelerated,  and  the  lines  themselves  will  be 
proportional  to  the  Ibroes,  and  may  be  employed  as  their 
Dieasiires.     On  the  greatest  of  them  AD,  describe  the  se^ 
micircle  ABCD,  and  apply  the  other  tivo  lines  A'B,  A'C 
S8  chords  AB,  AC.    Draw  £B,  FC  perpendicular  to  AD. 
Take  anj  small  portions  BA,  Ce  of  AB  and  AC,  and  dt'aw 
ie,  c/  perpendicular  to  AD,  and  E  h  and  F  k  paraUel  to 
ABi&dAC. 

Then,  because  the  triangles  DAB  and  BAE  are  similar, 
we  have  AD  :  AE  r=  AD*  :  AB«.    And  because  AD  is 
to  AB  as  the  velocity  generated  at  D  is  to  the  velocity 
generated  at  B  (the  times  being  equal),  we  have  AD  to 
AE  as  the  square  of  the  velocity  at  D  to  the  square  of  the  ' 
veioeity  at  B;  which  we  may  express  thus: 
AD:  AE=:VSD:  V«,  B. 
For  the"  same  reasons  we  faave*also 

AD  :  AF  =  VS  D  :  ¥•,  C.    Therefore 
AE  :  AF  =  VS  B  :  VS  C. 
Bat  because  in  any  mikbnnly  accelerated  motion,  the 
spaces  are  as  the  squares  of  the  aequhred  velocities,  we 
luive  also 

AE:  Ae  =  VSB:  V«ft,  and 
AF  :  A/=  VS  B  :  V«  c. 
Therefore  E  e  is  to  F/  as  the  increment  of  the  square 
of  the  velocity  acquired  iti  the  motion  along  Bb  to  the 
increment  of  the  square  of  the  velocity  acquired  along  C  c.  . 
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But>  hj  similarity  of  ibe  (riftogles  ABD  and  E  e  A,  w? 
have 

AB  :  AD  =  £  e  :  E  A  ;.  and,  in  Uke  mayn^r^ 

AD:  AC  =  Fit:  F/.    Therefore 

AB  :  AG  =  E  c  X  F  i  ;  F/ X  E  A. 

Now    AB    and    AC  are  proportional  to  the  forces' 

which  accelerate  the  body  aloi^  the  tines  A'3  and  At? ; 

E  e  and  F/  are  proportional  to  the  increments  of  the 

squares  of  thei  velocities  acquired  in  the  motions  aloQig  the 

portions  B  b  and  C  c  >  and  E  A  and  F  k  are  eqMal  to  those 

portions  respectively.     The  -ratio,  of  AB  to  AC  is  com^ 

pounded  of  the  direct  ratio  of  E  <  to  F/;  and  the  inverse 

ratio  of  £  Jk  to  F  jr.    The  proposition  is  therefore  demoD^ 

strated- 

The  proportiop  may  be  exp^^ssed,  th^8 : 

E  f       F  ^ 
JfB  :  AC  =  -wnr :  -p4">  •"^  ^V  ^  expressed  bj 

the  proportrona^  equation  AB==  ^-  or,  symbolically^ 

BEn^aK.  Because  the  motion  akng  any  of  these  three 
lines  is  uniformJy  accelerated,  the  relation  between  spaces^ 
times,  and  velocities,  may  be.  represented  by  means  of  the 
triangle  ABC  (fig.  15.);  where  AB  represents  the  time» 
BC  the  velocity^  and  ABC  the  space.  If  BC  be  token 
equal  to  AB,  the  triangle  is  half  of  the  square  ABCF  of 
the  velocity  BC;  and  the  triangle  ADE  is  half  of^  the 
square  ADEG  of  the  velocity  D£.  I«et  Dd  and  B  &  bse 
two  moments  of  time,  equal  or  unequal.  Then  Dd<£ 
and  B  Ac  C  are  half  the  increments  of  the  squares  of  the 
velocities  DE  and  BC,  a^uired  during  the  monxents  D  d 
and  B  k  It  was  demonstrated,  that  the  ratio  of  the  area 
D  d  e  ]^  to  the  area  B  &  c  C  is  comppunded  of  the  ratio  pf 
.  DE  to,  BC,  and  the  ultimate  ratio  of  D  d  tp  B  &.  But  D.d 
and  B  b  are  respectively  equal  to  1 1  and  »  c.     There- 
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fore  DdeE  U  to  B  i  c  C,  ia  tbe  ratio  compoDiided  of  tbe 
Tatio  of  D£  to  BC,  and  the  ultimate  ratio  of  i  <  to  •  c.  If 
we  represent  DE  and  BC  by  V  and  o»  the  •  e  and  »  c  must 
be  represented  bj  V  and  v'  the  mcremenls  of  V  and  v  i 
and  then  the  compound  ratio  will  be  the  ratio  of  VV'  to 
9v';  and  if  we  take  the  ultiniate  ratio  of  tbe  momeiits,  ' 
and  consequently  the  oltiniate  ratio  of  tbe  increments  of 
the  Telodties,  we  have  the  ratio  of  VV  to  r  p.  If,  thero* 
fore,  V*  and  v^  represent  the  squares  of  the  velocities^ 
VV  and  v  v  will  represent,  not  the  increments  of  those 
sqnares,  but  half  the  inorenents  of  them. 

We  may  now  refMnesent  this  proposition  concenw 
ing  accelerating  forces  by    the    proportional    equation 

a  ==  -7 ;;  and  we  must  ponsicler  this  as  equivalent  with 

s 

a  =r  ^'Ya \  ♦  keeping  always  in  mind,  that  a,  V,  and  », 

rdate  to  the  same  units  of  time  and  space,  and  that  a  is 
that  number  of  units  of  the  scale  on  which  S  and  s  are 
measured,  which  is  run  over  in  ofie  unit  of  time. 

This  will  be  more  clearly  conceived  by  taking  an  ex« 
ample.  Let  us  ascertain  the  accelerative  power  of  gra- 
vity, supposing  it  to  act  uniformly  on  a  body.  Let  the 
spaces  be  measured  in  feet  and  the  time  in  seconds.  It  is 
a  matter  of  observation,  that  when  a  body  has  fallen  64 
feet,  it  has  acquired  a  velocity  of  64  feet  per  second :  and 
that  -when  H  has/allen  144  feet,  it  has  acquired  the  vclo- 
city  of  96  feet  per  second.  We  want  to  determine  what 
velocity  gravity  communicated  to  it  by  acting  on  it  dar- 
ing one  second.  We  have  V  s=  9216,  and  v^  =3  4096; 
and  therefore  \^  —  v'=  5130.  S  =  144,  and  «  =  64, 
and  S  —  «  =  80,  and   2   (S  — -  »)  =  160.       Now 

a  =  -Tsjr-,  =  32.     Therefore  gravity  has  generated  the 

velocity  38  feel  per  second  by  acting  uniformly  during 
one  second. 
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86.  Thtaugmi^^eaiwi^fAtnftarcofiheuiM^ 
tiwud  to  the  foTct  and  to  the  space  joiiUfy*    For  because 

^  ^.  !L2,  we  haTe  <i  9  zzvv. 

•  Thus  we  learn,  that  a  given  force,  acting  uniformlf  on 
a  body  along  a  given  space,  produces  the  same  increment 
of  tbe  sqaare  of  the  velocity,  whatever  the  pnevious  velo* 
city  may  have  been.  Also,  in  the  same  manner  as  we 
formerly  found  that  the  augmentation  of  the  velocity  waa 
proportioned  to  the  time  during  which  the  force  has  act- 
ad,  so  the  augmentation  of  the  square  of  the  velocity  b 
|M«portiohal  to  the  space  along  which  it  has  acted. 

It  is  pretty  plain,  that  all  that  we  have  said  of  the  uni- 
form action  of  an  accelerating  force  may  be  affirmed  of  a 
retarding  force^  taking  a  diminution  or  decrement  of  velo- 
city in  place  of  an  increment.  A  uniformly  retarded  mo- 
tion is  that  in  wt^ich  the  4ecrements  of  velocity  in  equal 
times  are  equal,  and  the  whole  decrements  are  propor- 
tional to. the  whole  times  of  action.  Such  a  motion  is- 
tfae  indication  of  ^  constant  or  invariable  force  acting  in 
a  direction  opposite  to  that  of  the  motion.  We  conceive 
this  to  be  the  case  when  an  arrow  is  shot  perpendicularly 
^upwards ;  its  weight  is  conceived  as  a  force  continually 
pressing  it  perpendicularly  downwards. 

In  such  motions,  hovrever  great  the  initial  velocity  may 
^  be,  the  body  will  come  to  rest :  because  a  certain  deter- 
mined velocity  will  be  taken  from  the  body  in  each  equal 
auccessive  moment,  and  some  multiple  of  this  wiU  exceed 
.the  initial  velocity.  Therefore  the  velocity  will  be  ex- 
.tinguisbed  before  the  end  of  a  time  that  is  the  same  mul- 
tiple of  the  time  in  which  the  velocity  was  diminished  by 
the  quantity  above  mentioned.  It  is  no  less  evident,  that 
the  time  in  which  any  vdocity  will  be  extinguished  by  an 
opposing  or  retarding  force  is  equal  to  the  time  in  which 
the  same  force  would  generate  this  velocity  in  the  body 
previously  at  rest.     Therefore, 
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Vr.  Iwt.  The  times  in  wliich  diiftrent  initial  vckidties 
wil  be  exttngoUied  bjr  tbe  same  opposing  force  are  pro- 
pertioiial  to  the  intlial  Telodties. 

ea  2d.  The  distances  to  whieh  the  bodj  will  go  till 
the  cxti^etion  of  its  Tdoeitj  are  as  the  aqusjes  of  the  ini- 
tial velocitieB. 

3d.  They  are  also  as  the  squares  of  the  times  elapsed. 

89.  ith.  Tbe  distance  to  which  a  body,  projected  with 
any  velocity,  will  go  till  its  motion  be  extinguished  by  the 
uniform  action  of  a  retarding  force,  is  one  half  of  the 
space  which  it  would  describe  uniformly  during  the  same 
time  with  the  initial  velocity. 

It  very  rarely  happens,  that  the  fbrce  which  accelerates 
the  body  acts  uniformly,  or  with  an  unvaried  intensity. 
Tbe  attraction  of  a  magnet,  foe  example,  increases  as  the 
iron  approaches  it.  The  pressure  of  a  spring  diminbhes 
as  it  unbends.  The  impulse  of  a  stream  of  water  or  wind 
diminishes  as  the  impelled  surface  retires  from  it  by  yield- 
ing. Theref(H*e  the  effects  of  accelerating  forces  are  very 
imperfectly  explained,  till  we  have  shewn  what  motions 
result  from  any  given  variation  of  force,  and  how  to  dis« 
cover  the  variation  of  force  from  the  observed  motion. 
This  last  question  is  perhaps  tbe  most  important  in  the 
study  of  mechanical  nature^  It  is  only  thus  that  we  kam 
what  is  usually  called  the  nature  of  a  mechanical  force. 
This  chiefly  consists  in  the  relation  subsisting  between 
the  intensity  of  the  force  and  the  distance  of  the  substance 
in  which  it  resides.  Thus  the  nature  of  that  power  which 
produces  all  the  planetary  motions,  is  considered  as  ascer- 
tained when  we  have  demonstrated  that  its  pressure  or 
intensity  is  inversely  as  the  square  of  the  distance  from 
the  body  in  which  it  is  supposed  to  reside. 

Acceleration  expresses  some  relation  of  the  velocity  and 
time.  This  relation  may  be  geometrically  expressed  in  a 
variety  of  ways.    In  figure  13.  the  uniform  acceleration 
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or  tbe  universal  relation  between  the  velocity  and  the 
time  is  very  aptly  expressed  by  the  constant  ratio  of  the 
ordinates  and  abscisses  of  the  triangle  agy.  The  ratio  of 
d  )  to  a  d  is  the  same  with  that  of  e  •  to  a  e,  or  that  o(  fp 
t0afi  &c. ;  or  the  ratio  of  the  incremait  of  velocity  w  » 
to  the  increment  of  the  time  Hworbcy  or  that  of  i  p  to 

o 
c  t,  &Ct    This  ratio  »  » : »  a  is  equivalent  to  the  symbol  -j- 

But  when  the  spaces  described  in  a  varied  motion  are 
represented  by  tbe  areas  bounded  by  a  curve  line  hk  o^ 
we  no  longer  have  that  constant  ratio  of  the  increments 
of  the  ordinates  and  abscisses. 

90.  Therefore,  in  order  to  obti^in  measurea  of  the  ac- 
celerating forces,  or  at  least  of  their  proportions,  let  th^ 
Itbscissa  ae  g  (fig.  13.)  of  the  lliie  hk  o  again  represent 
the  time  of  a  motion.  But  let  the  areas  bounded  by  pa- 
rallel ordinates  now  represent  the  velocities,  that  is,  let 
the  whol^  area  increase  during  the  time  'a  ^  at  the  sam^ 
rate  with  the  velocities  of  the  motion  along  the  line  AG. 
In  this  case  the  ordinates  h  t,  ckydly  &c.  will  be  as  the 
accelerations  ^t  the  instants  jb^  c,  d^  &c.  or  iiv  the  pointy 
B,  C,  D,  &c. 

This  is  demonstrated  ii^  the  same  way  as  the  former 
.proposition  (No.  7^.)  If  the  accelerating  force  be  sup- 
posed constant  during  any  two  equal  moments  k  c  and 
fgy  the  rectangles  b  cp  t  «nd  / g^.s  would  express  the 
increments  of  velocity  uniformly  acquired  in  equal  times, 
and  their  bases  c  p  and  /  a  would  have  the  ratio  of  the 
accelerations,  or  of  the  accelerating  forces.  But  as  the 
velocities  expressed  by  the  figure  increase  faster  than  the 
times  during  every  moment,  the  force  at  the  instant  c  is 
to  the  force  at  the  instant/ in  a  greater  ratio  thaii  that  of 
cptO'f0{  but,  for  similar  reasons,  it  is  in  a  less  ratio 
than  that  of  c  q  to  f  rX  and  therefore  (as  in  the  other 
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propositioii)  the  force  at  the  instaAt  c  is  to  tne  force  at  the 
iaatanifns  c  k  to/n. 

91.  Cor.  Because  e  p  is  to  /  «  in  the  ratio  compounded 
of  the  direct  ratio  of  the  rectangle  g  p  t  fr  to  the  rectangle 
fsxg^  and  the  inverse  ratio  of  the  altitude  6  c  to  the  al- 
titude y^  ;  and  because  these  rectangles  are  proportional 
to  the  increments  of  Telocity,  and  the  ultimate  ratio  of 
the  altitudes  Is  the  nitimate  ratio  of  the  moments  or  in- 
crements of  the  time— we  must  say,  that  the  accelerating 
fwuM  ftkat  £r,  their  intensities  or  pressuren  producing  acce^ 
lerationj  are  tUrectfy  as  the  incrtments  of  vehdty^  and  tn- 
wrsefy  as  the  increments  of  the  times :  Which  proposition 
may  ba  expressed,  in'regard  to  two  accelerations  A  and  a, 
by  thb  analogy : 


Or  hy  the  proportional  eqtiatiotl  a  ===  £..     Also 

it 

a  t  =  o  ,  and  pa   f  =  t)\    And  thus  do  these  theorems 

extend  even  to  the  c^es  where  there  cannot  be  observed 
an  immediate  measure,  either  of  velocity  or  of  accelera^ 
tion ;  because  neither  the  spade  nor  the  velocity  increases 
luuformljr* 

The  theorem. a  =  -^  is  employed  when  we  would  dis^ 

cover  the  variation  in  the  inteujsity  of  some  natural  power. 
We  observe  the  motion,  and  represent  it  by  a  figure  ana- 
logous to  fig.  13.  where  the  abscissa  represents  the 
times,  and  the  area  is  made  to  increase  at  the  same  rate 
with  the  spaces  described.  Then  the  ordinates  will  re- 
present the  velocities,  or  have  the  proportion  of  tlie  ve- 
locities.    Then  we  may  draw  a  second  curve  on  the  other 
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Side  of  the  same  Abscisss,  such  that  the  areas  of  tbU  lart 
curve  shall  be  proportional  to  the  ordiiates  of  the  first* 
The  ordinates  of  this  last  curv^  are  proportional  to  the 
a^eeleraMng  forces.* 

.  98.  Oa  the  otter  hatlsl»  when  we  knoir  from  ether  of* 
cumstanoes  that  a  force,  varying  according  to  sovie  knoMrn 
law,  acts  on  a  body,  we  can  deteroune  its  motion.  The 
intensity  of  the  force  in  every  instant  being  known,  we 
can  draw  a  line  so  related  to  another  line  representing 
the  time  that  the  ordinates  shall  be  proportioaai  to  the 
forces :  The  areas  will  be  proportional  to  the  velocities 
We  can  draw  anibtheF  culrve  to  the  same  abseiss,  such  that 
the  ordinates  of  this  shall  be  proportlbnal  to.  the  areas  of 
the  other,  that  is,  to  the  velocities  of  the  motion*  The 
areas  of  this  second  curve  will  be  proportional  to  the 
s|)aces  described. 

93.  We  must  hdw  observe,  that  all  that  has*been  said 
concertiing  the  effects  of  accelerating  forces  continually 
varying,  relates  to  changes  of  motion,  independent  of 
what  the  absolute  motions  may  be.  The  areas  of  the 
line  whose  ordinates  represent  the  velocities  do  not  neees- 
iarily  represent  the  spaces  deseribed,  but  the  change  niade 
on  the  spaces  described  in  the  same  time;  not  the  mo* 
tions,  but  the  changes  of  mdtion.  If,  indeed,  the  body  be 
supposed  to  be  at  rest  when  the  forces  begin  to  ad,  these 
areas  represent  the  very  spaces  that  are  passed  over,  and 
the  ordinates  are  >be  very  velocities^  In  every  case, 
however,  the  accelerations  are  the  real  increments  of  the 
velocities. 

This  circumstance  gives  a  great  extension  to  our  theo- 
rems, and  enables  us  to  ascertain  the  disturbances  of  any 
species  of  regular  motion,  apart  from  the  motions  them- 
selves, and  thus  avoid  a  complication  which  would  fre- 


See  Barrow's  Lect,  Gtometr.  jwmau 
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queDtly  be  inextricabie  ia  any  other  way.  And  this  pro- 
ct88,  which  is  merely  matbetnaticaly  ia  perfectly  eonfonn- 
able  to  mechaiiieal  principles.  It  is  in  fact  an  application 
<j  the  doctrine  of  the  composition  of  motion ;  a  doctrine 
rigidly  demonstrated  #hea  we  measure  a  mechanical  force 
by  the  dumge  of  motion  which  U  produces.  Acceleration 
ig  the  continual  composition  of  a  new  motion  with  the 
notion  already  produced. 

We  may  leara^  from  this  iuTestigation  of  the^  vdue  of 
an  aecekraling  force,  that  no  finite  change  of  velocity  is 
effected  in  an  instant  by  the  action  of.  an  accelerating  force« 
When  the  fig.  13b  is  used  for  the  scale  of  accelerations, 
and  they  are  represelited  by  the  ordinates  of  the  line  hk  Oi 
the  increment  of  Telocity  is  represented  by  an  area,  that 
i^  by  n  slip  of  the  whota  area ;  which  slip  must  have 
some  altitude,  or  must  occupy  some  portion  of  the  ah* 
acista  which  represents  time.     Some  portion  of  tiliie, 
however  small  it  may  be,  must  elapse  before  any  measur* 
sUe  addition  can  be  made  to  the  velocity.     The  velocity 
awst  change  continwallf.    As  no  motion  cyn  be*  conceived 
aa  instantaneous,  because  this  would  be  to  conceive,  that 
in  one  instaat  the  moving  particle  is  in  every  poipt  of  its 
oementaiy  path  s  so  no  velocity  can  chsinge,  by  a  finite 
quantity,  in  one  instant ;  because  this  would  be  to  con* 
osive,  Aat  in  that  instant  the  particle  had  all  the  inter- 
vening velocities.    Thfe  instant  of  change  is  at  once  the 
last  instant  of  the  preceding  velocity,  and  the  first  of  the 
succeeding,   and  therefore  must  belong  to  both.    This 
cannot  be  conceived,  i»  is  absurd.    As  a  body,  in  passing 
fitmi  one  part  of  apace  to  another,  must  pass  in  sue- 
cession  through  all  the  intermediate  places ;  so,  in  pas»^ 
log  from  one  velocity  to  another,  it  must  in  succession 
have  all  the  intermediate  velocities.    It  must  be  continually 
accelerated ;  we  must  not  say  gradually^  however  small 
the  steps.  ^ 
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94.  But  to  return  from  this  digression : 

The  most  frequeiit  cases  ivhich  come  und^r  examina*' 
tion  do  not  shew  us  thie  relation  between  the  forces  and 
times^  but  the  relation  between  foites  and  spaces.  Thus, 
when  a  piebe  of  iron  is  in  the  neighbourhood  of  a  magnet, 
or  a  planet  is  considered  in  the  neighbourhood  of  the  sun, 
a  forcb  is  a<^ting  on  it  in  every  point  of  its  path,  and  we 
have  discovered  that  the  intensity  of  this  force  varies  in  » 
certain  proportion.  Thus,  a  spring  varies  in  its  pressure 
as  it  unbends ;  gunpowder  presses  less  violently  as  it  ex- 
pands, &c.  &c. 

.  Our  knowledge  is  gen^r^lly  confined  to  soitoe  SUch  effect 
as  this.  We  know,  that  while  a  body  is  moving  along  a 
line  ADE  (fig.  16.),  it  is  urged  forward  by  A  force,  of 
which  the  intensity  varies  in  the  proportion  bf  the  ordi- 
nates  BF)  CG,  DH,  EI,  &c.  of  the  line  FGHL 

To  investigate  the  motion  or  change  of  motidn  pro* 
duced  by  the  faction  of  this  force^  let  CD  be  supposed  a 
very  small  portion  of  the  space  «,  which  we  may  estpress 
bys'.  Draw  QK  perpendicular  to  DH.  Then,  if  we 
suj^pose  that  the  force  acts  with  the  unvaried  intiensity 
CG  through  the  whole  space  CD,  the  recUngle  CDEG 
wUl^expr^ss  half  of  the  increment  of 'the  square  of  the  ve- 
locity (No.  8fi.)  We  may  suppose  that  the  force  acts  uni- 
formly along  the  adjoining  small  space  Dr  with  the  in- 
tensity DH.  The  rectangle  DH  o  r  will  in  like  manner 
express  another  half  increment  of  the  square  of  the  velo- 
city. And  in  like  manner  we  may  obtain  a  succession  of 
such  increments.  The  aggregate  or  sum  of  them  all  will 
be  half  the  difference  between  the  square  of  the  velocity 
at  B  and  the  square  of  the  velocity  at  E. 

If  we  employ  /to  express  the  indetermined  or  variable 
intensity  of  the  accelerating  force,  aftd  v  to  express  the 
yapiable  velocity,  and  v'  its  increment  «ni/brfn(y  acquired ; 
then  the  rectanjgle  CDKG  will  b»  expressed  by/*'.    We 
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ka?e  seen  that  this  is  eqml  lo  o  «''  TkcMfore,  in 
evfry  cne  where  we  cm  teU  tlie  aggregtce  #f  all  the 
qnaatitiee  /  «,  it  ib  pbia  that  wt  wili  •bUia  half 
the  difl€««iice  betweaa  the  iqaaret  of  Hm  ir^odties 
in  B  and  B«  OB  the  wpposidoii  thi*  tht  inteitti- 
ty  of  the  force  was  eonftant  alonf  each  UMe  «paoe,  adi 
raried  hj  starts.  Tfaeo^  bjr  intnasiiig  the  aimbBr)  and 
dimimshing  t>  tnagAitude,  of  those  liDtla  partialis  of  the 
ipsce  wUhoul  end,  it  is  evidMt  that  we  ttnninate  ill  th« 
expression  of  the  real  atate  of  the  case,  £  e.  af  a  faroa 
fsiying  contimiallj ;  aad  that  in  this  cas#  the  aggnsgat^ 
of  these  rectangles  occupies  the  whole  area  JLEIF,  atkl  is 

equivalent  to  the  fluent  of /«*,  or  to  the  symbol    ff  s 

used  by  the  foreiga  mathetnaticiaas  to  express  this  fluent^ 
which  they  indeed  conceire  as  an  aggrs^ta  of  small 
rectaa^bea  f^.  And  we  see  that  this  area  expresses  half 
of  the  augmentation  of  the  square  of  tte  velodtfi 
Therefore, 

IftUdmcma  A£  (fig.  16.)  ^a  liwt  t(it  U  (Ac  jM(i 
dmg  wUeh  a  bo(fy  u  urgti  Igf  aay  tfcoe&ralti^  /ofce,  aail 
if  At  ordmaU9  *BF,  CG,  DH,  4^;.  Qte  pnf^Hnd  to  ths 
fiffta  aeUng  ta  tlupoinU  B»  C«  D,  4rc^  the  inierceptti  oir^m 
BCuF)  BEIF,  4-c.  are  proportional  to  the  tWgm/Mitiom  of 
Ik  sfwire  ^(Ae  aelM%.  * 

Observe  thi^t  the  areas  BC6F  and  DtltH  are  also  pro^ 
portion^I  to  the  augmentations  made  on  |he  squares  of  the 
velocities  in  B  and  in  D. 

Observe  also,  that  it  is  indifferent  what  may  have  been 
the  original  velocity.  The  action  of  the  forces  represent* 
cd  by  the  ordinates  make  always  the  same  addition  to  its 
•qeare ;  and  this  addition  is  half  the  square  of  the  Teloci- 
ty which  those  forces  would  genelttte  in  the  body  by  im- 
peUiog  it  from  rest  in  the  point  A. 
—  —  "- ■■■■^..  ---.- 

*  See  Newton's /ViiicipM,  i.  39. 
VOL.   U  H 
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96.  Lastly,  On  this  head,  observe,  that  we  can  statepwhat 
constant  or  variable  force  will  make  the  same  augmenta- 
tion of  the  square  of  the  velocity  by  impelling  the  body 
uniformly  along  the  same  space  BE ;  or  along  what  space 
a  given  force  must  impel  the  body,  in  order  to  produce 
the  same  increase  of  the  square  of  its  velocity.  In 
the  first  case,  we  have  only  to  make  a  rectangle 
BEN  f,  equal  to  the  area  BEIF,  and  then  B  f  is  the 
intensity  of  the  constant  force  wanted.  In  the  second 
case,  in  which  the  force  EO  is  given^  we  must  make  the 
rectangle  A  •  0£  equal  to  the  area  BEIF,  and  A£  is  the 
space  required. 

97..  The  converse  of  this  proposition,  viz.  If  the  areas 
are  as' the  increments  of  the  square  of  the  velocity^  the  ordinate^ 
are^  as  thefarces,  is  easily  demonstrated  in  the  same  way  ; 
for  if  the  elementary  areas  CDKG  and  EIM  e  represent 
increments  of  the  squares  of  the  velocity,  the  accelerating 
forces  are  in  the  ratio  compounded  of  the  direct  ratio  of 
these  rectangles,  and  the  inverse  ratio  of  their  altitudes^ 
because  these  altitudes  are  the  increments  of  the  space 
(No  85.)  Now  the  base  CG  of  the  rectangle  CDKG,  is  to 
the  base  EI  of  the  rectangle  EIM  e  in 'the  same  com- 
pounded ratio ;  therefore  the  force  in  C  is  to  the  force  in 
E  as  CG  to  EI. 

98.  The  line  A  JSr  o  (fig.  13.)  was  called  by  Dr  Barrow, 
who  first  introduced  this  extensive  employment  of  motion 
into  geometry),  the  scale  of  velocities ;  and  the  line  FHL 
(fig.  16.)  was  named  by  him  the  scale  ofaccelerations.  Her- 
mann, in  his  Phoronomia^  calls  it  the  scale  of  forces.  We 
shall  retain  this  name,  and  we  may  call  hk  o  of  fig.  IS.  the 
scale  ofaccelerations,  when  the  areas  represent  the  velo^ 
cities.  Newton  added  another  scale  of  very  great  use, 
viz.  a  scale  of  times.    It  is  constructed  as  follow. 

99.  Cet  ABE  (fig.  16.)  be  the  line  along  which  a  body 
is  accelerated,  and  let  FHI  be  the  scale  of  forces,  that  is, 
having  its  ordinates  FB,  HD,  lE^  &c.  proportional  to  the 
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Ibrte^tetllig  at  B,  D,  E,  F,  &c. ;  let/A  i  be  another  line 
M)  rdated  to  ABE,  that  C  ^  is  to  E  t  in  the  inverse  sub- 
duplicate  ratio  of  the  area  BFGC  to  the  area  BFIE  ;  or, 
to  express  it  mofe  generallj,  let  the  squares  of  the  ordr- 
nates  to  the  line  fg  i  be  inversely*  as  the  ilreas  of  the  line 
FHI  intercepted  between  these  ordinates  and  the  first  or- 
dinate drawn  through  B  ;  then  the  times  of  the  bodier 
moving  from  a  state  of  rest  in  B  are  as  the  intercepted 
areas  of  the  eurrefg  i. 

For  let'  CD  and  E  f  be  two  very  small  portions  of  the 
qMce  described  eqUal  times.  Tfaej  will  be  ultimateljr 
as  the  velocities  in  C  and  E.  The  area  FBCG  is  to 
the  area  FBEI  as  the  square  of  E  t  to  the  square  of  C  g 
(bj  construction) ;  but  the  area  FBCG  is  to  FBEI  as 
the  square  of  the  velocity  at  C  to  the  square  of  the  velo- 
citj  at  E  (by  the  proposition ;)  therefore  the  square  of 
the  vet<}citj  at  C  is  to  the  square  of  the  velocity 
at  E  as  the  square  of  E  i  to  the  square  of  C  jf ;  there- 
fore E  t  is  to  C  g-  as  the  velocity  at  C  to  the  velocity  at 
E,  that  is,  as  CD  to  B  e :  but  since  E  t :  C  §^=1  CD :  E  f, 
we  have  Etx  EerrC^x  CD,  and  the  elementary 
rectangles  C  gkD  and  E  t  m  f  are  equal,  and  may  repre- 
sent the  equal  moments  of  time  in  which  CD  and  E  e 
were  described  Thus  the  areas  of  the  Wne  fg  I  will  repre- 
sent or  express  the  times  of  describing  the  corresponding 
portions  of  the  abscissa. 

We  may  express  the  nature  of  this  scale  more  briefly 
thus.  Let  B  E  be  the  space  described  with  any  varied 
motion,  and  fg  i  a  curve,  such  that  its  ordinates  are  in- 
versely as  the  velocities  in  the  different  points  of  the  ab- 
scissa, then  the  area  will  be  as  the  times  of  describing  the 
corresponding  portions  of  the  abscissa. 

100.  In  all  the  cases  where  our  mathematical  know- 
ledge  enables  us  to  assign  the  values  of  the  ordinates  of 
the  figure  16,  we  can  obtain  the  law  of  action  of  the 
forces,  or  the  nature  of  the  force ;  and  where  we  can  as- 
sign the  value  of  the  areas  from  our  knowledge  of  the  pro- 
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portions-  of  the  ordinates  or  forces,  we  caa  ascertrfh  the 
velocities  of  the  motion.    We  shall  give  an  example  oc 
two,  which  will  shew  the  way  in  which  we  avail  ourselves 
of  the  geometrical  properties  of  figm'e  in  order  to  ascer*  , 
tain  the  effeclts  of  mechanical  forces. 

IsL  Let  the  accelerating  force  which  impels  the  body 
along  the  line  AB  be  constant,  and  let  the  body  be  pre- 
viously at  rest  in  B ;  the  line  which  bounds  the  ordinatea 
that  represent  the  forces  must  be  some  line  ^  H^  parallel 
to  AB.  The  area  BDH  f  is  to  the  area  BEN  f  as  the 
square  of  the  velocity  at  D  to  the  square  of  the  velocity 
at  E.  These  areas,  having  equal  bases  DH  and  EN^  are 
as  their  altitudes  BD  and  QE.  That  is,  the  spaces  de» 
scribed  are  as  the  squares  of  the  acquired  velocities.  And 
we  see  that  this  characteristic  mark  of  uniformly  accel* 
erated  motion  is  included  in  this  general  propositicm. 

101.  2d.  Let  us  suppose  that  the  body  is  impelled  from  A 
(fig.  17.)  towards  the  point  C,  by  a  force  prqKMtional  to 
its  distance  from  that  point.  This  force  may  be  repre^ 
sented  by  the  ordiaates  DA,  £B,  e  &,  &c.  to  the  straight 
line  DC.  We  may  take  any  magnitude  of  these  ordi- 
nates ;  that  is,  the  line  DC  may  make  any  angle  with  AC. 
.  It  will  simplify  the  investigation  if  we  make  the  first 
force  AD  =r  AC.  About  C  describe  the  circle  AH  a,  cut- 
ting the  ordinate  EB  in  F;  letei  be  another  ordinate, 
cutting  the  circle  in /very  near  to  F;  draw  CH  perpen- 
dicular to  AC,  and  make  the  arch  HA  =:/F,  and  draw  Ac 
parallel  to  HC ;  join  FC  and  DH,  and  draw  F  g  perpen- 
dicular to  fb.    Let  IMLK  be  another  ordinate. 

The  area  DABE  is  to  the  area  DAKL  as  the  square  of 
the  velocity  at  B  to  the  square  of  the  velocity  at  K. 
But  DABE  is  the  excess  of  tbe  triangle  ADC  above  the 
triangle  EBC,'  or  it  is  half  of  the  excess  of  the  square  of 
CA  or  CF  above  the  square  of  CB,  that  is,  half  the 
square  of  BF.  In  like,  manner,  the  area  DAKL  is  equal 
to  half  the  square  of  KM ;  but  halves  harts  the  same 
ratio  as  the  integers ;  therefore  the  square  of  BF  is  to  the 
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iqaare  of  KM  as  the  square  of  the  Telocitj  at'  B  to  the 
iquare  of  the  velocity  at  K ;  therefore  the  Telocity  at  B 
is  to  the  Telocity  at  K  as  BF  is  to  KM.  The  Telocities 
are  pn^rtional  to  the  sines  of  the  arches  of  the  quad- 
rant AFH  described  on  AC. 

Cor.  1.  The  final  Telocity  with  which  the  body  arriTes 
at  G,  b  to  the  Telocity  in  any  other  point  B  as  radios  to 
the  sine  of  the  arch  AF« 

Cor.  8.  The  final  Telocity  is  to  the  Telocity  which  the 
body  would  acqoire  by  the  uniform  action  of  the  initial 
fiorce  at  A  as  1  to  V2\  for  the  rectangle  DACH  ex- 
presses the  square  of  the  Telocity  acquired  by  the  uniform 
action  of  the  force  DA ;  and  this  is  double  of  the  triangle 
DAC ;  therefore  the  squares  of  these  Telocities  are  as  1 
and  2,  and  the  Telocities  are  as  t/1  and  VS,  or  as  1  to  V^. 

Cor.  3.  The  time  of  describing  AB  is  to  the  time  of 
describing  AC  as  the  arch  AF  to  the  quadrant  AFR. 

1C4.  For  when  the  arch  F/  b  diminished  continually, 
it  b  plain  that  the  triangle /tF  b  ulUmately  simihu*  to 
CFB,  by  reason  of  the  equal  angles  Cib  (or  CFB)  and 
/iF,  and  the  right  angles  CBF  and  /P  i ;  therefore  the 
triangles/^  F  and  CBF  are  also  similar.  MoreoTer,  B  h^ 
b  equal  to  Ygy  F/  is  equal  to  A  H»  which  is  ultimately 
equal  to  c  C ;  therefore  since  the  triangles/^  F  and  CFB 
are  similar,  we  haTe  Fg- :  F/=FB  :  FC  =:=  FB  :  HC ; 
therefinre  B&istocCasFBto  HC,  that  b»  as  the  tcIo- 
city  at  B  to  the  Telocity  at  C ;  therefore  B  fr  and  c  C  are 
described  in  equal  moments  when  indefinitely  small ;  conse- 
quently equal  portions  F/,  h  H,  of  the  quadrant  correspond 
to  equal  moments  of  the  accelerated  motion  along  the  ra- 
dhis  AC ;  and  the  arches  AF,  FM,  MH,  &c.  are  propor- 
tional to  the  times  of  describing  AB,  BK,  KC,  &c. 

Cor.  4.  The  time  of  describing  AC  f^h  the  unequally 
accelerated  motion,  is  to  the  time  of  describing  it  unl- 
Ibrmly  with  the  final  Telocity,  as  the  quadrantal  arch  b  to 
the  radius  of  a  circle ;  for  if  a  point  moTe  in  the  quad- 
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ifMow  MiflojiiiieBk  of  iht  BMtlMMkif al  mekhod  of  pio- 
fWHliiig  tbat  w«  bcMTQ  selected  il, 

loilteAoCgini^aiqc  moropexticaUv  eaaes,  we  mej  ob» 
«ecve  k  genniel^  thnt  V  tke  imeBaiij/  of  (be  force  he  pro* 
pQrtioMlr  W  eoy  pewer  wtiqse  Mes^  is  n«- 1  of  the  db* 
tMce^  an^  if  •  be  Ihe  dbteoee  firon  the  fixed  pOhii  nt 
vbiffhilb^  bed^  beg^is  to  he  ee«tlerated»  ani  x  ita  diai- 
tance  from  tbat  point  in  any  part  of  the  motion^  the  Yeki^ 
eity  will  be  » y^iv^^j^.  Thift  is  very  pkin^Jieoaiise  the 
iMreiBe»4  CGili^Qr  the  area  of  fig.  1&  which  Ib  also  the 
ibcrement  of  the  square  of  the  Telocity,  is  ri;ar-*x,  and 
the  area  is  =  x* ;  and  the  whole  area,  corresponding  to 
the  distance  a,  is  a».  Therefore  the  portion  of  the  area 
lying  bcyopd  the  distance  x  is  a" — xr.  This  is  as  the  square 
of  the  velocity,  and  therefore  the  velocity  is  as  |he  square 
root  y'a^^  of  this  quantity. 


V  e 


This  proposition,/*  =F  »  »» or/==  -r- 1  is  the  99th  of 

(he  firsi  boolt  of  Newton^s  Principia,  and  is  perhaps  the 
most  important  inr  the  whole  doctrine  of  dynamics,  whe-i 
ther  employed  for  the  investigation  of  forces  or  for  the  ex- 
pllmation'  oiP  motions.  It  ftirnishes  the  most  immedii^t^- 
dhta  for*  both  purposes,  but  more  especially  fbr  the  last, 
By  its  help  Newton  was  able  to  point  out  the  numerous 
disttirbances.of  the  planetary  motions,  and  to  separate  themr 
from  each  other;  thus  unravelling,  as  it  were,  that  most 
intricate  motion  in  which  all  are  blended' tbgethen  He  has- 
given  a  most  wonderful' specimen  of  it3  application  in  his 
Lunar  Theory. 

We  now  are  able  to  explain  all  the  puzzling  facts  which* 
were  adduced  by  Leibnitz  and  his  partisans  in  support 
of  their  measure  of  the  forces  of  bodies  in  motion.  We 
see  why  four  springs,  equally  bent,  communicate  but  a* 
double  velocity,  and  nine  springs  hut  a  triple  Telocity ; 
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irtij  t  ballet  movliig  twice  as  fast  will  penetrate  an  eartllea 
smpart  to  a  qvadntple  depth,  fte.  be. 

TUb  tfaeorem  ako  gives  a  mctot  penpieuoiis  exptanatioaf 
of  tie  fiMMRM  doetrine  called  cDtgrpaHib  eMKia  9f  twntm. 
When  perfeetlj  ehtftie  bodies  act  on  each  other,  it  k 
fiNHid  that  the  ran  of  the  npanes  nnrltiplied  bj  th« 
wfaaarts  of  the  Telocitie»  is  always  the  same.  This  hai 
heea  svbstitotedy  with  great  eneornnuns,  by  tie  Crennatt 
philosophers  in  place  of  Des  Cartes^s  principle,  that  tho 
qaantitj  of  HMtion  in  the  Universe,  irtiaMitpd  in  one  di» 
lection,  remains  always  the  saase.^  They  art  oUiga^ 
huwever,  to  aehoowledge,  that  in  the  actions  of  perfectlj 
hui  bodies^  there  is  always  a  k)ss  of  vtf  pita^  and  tlMW 
fare  hnaedflniadAeezistcnoe  of  snch  bodies.  Bottfaaro 
is  the  same  loss  in  the  mutual  actions  of  all  soft  or  dndilo 
er  eves  imperfoctly  dastie  bodies;  «id  they  are  mioem- 
Uy  pnsnded  haw  to  explain  the  fact :  but  both  the  confer* 
and  tbe  amssto  are  necessary  coaneqnences  of  thia 


In  the  colfision  of  elaatio  bofits,  the  whole  ehangs  of 
motioB  is  prodoced  duriag  the  short  time  tb«t  the  bodies 
aie  cMipres9Kly  and  while  they  rq;ain  their  fignre.  When 
thb  IB  completed^  Ifie  bodies  are ai  tbesame  distance  from 
each  o^er  as:  when  tbe  mataal  action  begaoi  Theftfero 
die  preceding  body  hmr  been  aecekrated,  and  the  follow^ 
lAg  body  hoH  been  letardedv  along  equal  spaces;  and  ia 
every  point  ef  thta  spaea  idle  aoeelafatiag  and  the  aelard* 
ing  force  haa  been  eqnaL  ConseqneDtlj  the.  same  asea  of 
tg.  17«  expresses  the  change  made  on  the  sqaatt  of  the 
fdoeiCy  of  botb  bodies.  Therefore,  if  V  and  U  ara  the 
fdoeities  before  ooHiaion,  and  a^  and.  u  the  vdodfeies 
after  collision^  of  die  two  bodies  A.  and  By  we  must  have 
AxV»— .r*=ll-xii^— VS  and!  therefore  AxV*-p.B)i 
U«x=Axe^^yFxa^ 

Bttt  in  tbe  other  dass^of  bodies,  which  do  not  completely 
legain  their  figure^  hot  remain  compressed,  they  are  nearer 
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to  each  other  when  their  mutual  action  is  ended  than  when 
it  began.  The  foremost  bodj  has  been  accelerated  along 
a  shorter  space  than  that  along  which  the  other  has  been 
retarded.  The  qiutual  forces  have,,  in  ererj  instant,  been 
equal  and  opposite.  Therefore  the  area  which  expresses 
the  diminution  of  the  square  of  the  velocity^  must  exceed 
the  area  expressing  the  augmentatibn  by  a  quantity  that 
is  always,  the  same  when  the  permanent  compression  is 
the  same ;  that  is,  when  the  relative  motion  u  the  same* 
AxV«— o«  must  exceed  Bxi*«~US  and  AxV«-h. 
B  X  U'  must  exceed  A  x  i?^  +  B  x  ti'. 

This  same  theorem  is  of  the  most  extensive  use  in  ali- 
practical  questions  in  the  mechanical  arts ;  and  without  it 
mechanics  can  go  no  farther  than  the  mere  statement  of 
equilibrium. 

Hermann,  professor  of  mathematics  at  iPavia,  one  of  the 
ornaments  of  the  mathematical  class  of  philosophers,  has 
given  a  pretty  demonstration  of  this  valuable  proposition 
in  the  Acta  Eruditorum  Lipsus  for  1709 ;  and  says,  that 
having  searched  the  writings  of  the  mathematicians  with 
great  care,  he  found  himself  warranted  to  say,  that  New- 
t6n  was  the  undoubted  author,  and  boasts  of  his  own  as 
the  first  synthetical  demonstration.  The  purpose  of  this 
asserticm  was  not  very  apparent  at  the  tiqae ;  but  long  af- 
ter, in  1746,  when  Hermann^s  papers^  preserved  in  the 
town^house  of  Pavia,  were  examined,  in  order  to  deter- 
mine a  dispute  between  Maupertuis  and  Eoenig  about  the 
claim  to  the  discovery  of  tie  pnncipk  {^  least  aetionj  letters 
of  Leibnitc^s  were  found,  requesting  Hermann  to  search 
for  any  tracesi  of  this  proposition  in  the  writings  of  the 
mathematidana  of  Europe.  Leibnitz  was  by  this  time  the 
envious  detractor  ttom  Newton^s  reputation ;  and  could 
not  but  perceive,  that  all  his  contorted  ai*guments  for  his 
doctrine  received  a  clear  explanation  by  means  of  this  pro- 
position, in  perfect  Conformity  to  the  usual  measure  of 
moving  forces.    Newton  had  discovered  thb  theorem  long 
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befcnre  tii€  publication  of  the  Prineipiaf  and  even  before-the 
discoTery  of  the  chief  proposition  of  that  book  in  1666: 
for  in  his  Optical  Lectures^  the  materials  of  which  were 
ID  his  posseasioQ  in  1664,  he  makes  frequent  use  of  a 
proposition  founded  on  this  (see  No.  42.)  We  maj 
here  remark,  that  Hermann^s  demonstration  is,  in  everj 
step,  the  same  with  Dr  Barrow^s  demonstration  of  it  as 
a  theorem  merely  geometrical,  without  speaking  of  mof* 
ing  farces  (see  Last.' Geomttr.  zi.  p.  85.  edit.  16.),  but 
giving  it  as  an  instance  of  the  transformation  of  curves, 
which  he  calls  scales  of  velocity,  of  time,  of  acceleration, 
&c 

The  two  fundamental  theorems/^  =  v,  and  /«  =  v  oy 
enable  us  to  solve  eveiy  question  of  motion  accelerated  of« 
retarded  by  the  action  of  the  mechanical  powers  of  na^ 
tore.  But  the  employment  of  them  may  be  greyly  ex« 
pedited  and  simplified  by  noticing  two  or  three  geaesal 
cases  which  occur  veiy  frequently. 

104.  Then  may  be  called  »imilar  insianU  of  ftW,  and  si^ 
rnUar  pointa  oftpace  which  divide  given  portione  rftime^  and 
of  space  in  the  eamc  ratio.  Thus  the  >  middle  is  a  similar 
instant  of  an  hour  or  of  a  day,  and  is  the  similarly  sit«* 
ated  point  of  a  foot  or  of  a  yard.  The  beginning  of  tbe 
21st  minute,  and  of  the  9th  hour,  are  similar  instants  of 
an  hour  and  of  a  day*  The  beginning  of  the  5th  inch, 
and  of  the  2d  foot,  are  similar  points  of  a  foot  and  of  a 
yard. 

105.  Forces  nu^  be  eaid  to  act  stmHariy  when  their  inten- 
sitiee  in  similar  instanis  oftime^  or  in  similar  points  ofspace^ 
are  in  a  constant  ratio.  Thus' in  fig.  17.  when  one  body  is 
impelled  towards  C  from  A»  and  another  from  E,  each 
with  a  force  proportional  to  the  distance  of  every  point 
of  its  motion  from  C,  these  forces  may  be  said  to  act  si- 
milarly  along  tbe  spaces  AC  and  EC,  or  during  the  times 
represented  by  the  qjoadrantal  arches  AFH,  EN(X  The 
following  propositions  on  similar  actions  will  be  found 
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««ry  useful  os^  msnj  occasions ;  but  we  must  premise  a 
geometrical  lemma. 

106.  If  there  be  two  lines  EF6H  (fig.  18),  efgh,  so 
telated  to  their  abscisses  AD,  a  d,  that  the  ordinates  IK, 
iky  drawn  from  similar  points  I  and  t  of  the  abscisses, 
are  in  the  constant  ratio  of  AE  to  ae;  then  the  area 
ADHE  is  to  the  area  a  d  A  e  as  th^e  rectangle  of  AD  x  AE 
to  the  rectangle  adxae. 

For  let  each  abscissa  be  di?ided  into  the  same  number 
«f  equal^and  rerj  small  parts,  of  which  let  CD  and  ed 
be  one  in  each.  Inscribe  the  rectangles  C6ID,  eg  id. 
Then  because  the  number  of  parts  in  each  axis  is  the 
same,  the  lengths  of  the  portions  CD  and  ed  will  be  pro- 
portional to  the  whole  abscisses  AD  and  ad.  And  be- 
cause  C  and  e  are  similar  points,  C6  is  to  eg  as  AE  is  to 
«e«  Therefore  CD  x  CG:cilxc^=:AD  AE  :  adxaf. 
This  is  true  of  each  pair  of  corresponding  rectangles ;  and 
therefore  it  is  true  of  their  sums.  But  when  the  number 
4lf  these  rectangles  is  increased,  and  their  breadth  dimi- 
nished without  end,  it  is  evident  that  the  ultimate  ratio 
of  the  sum  of  all  the  rectangles,  such  as  CDHG  to  the  sum 
of  all  the  rectangles  c  d  A  g*  is  the  same  with  that  of 
the  area  ADHE  to  the  area  adke^  and  the  proposition 
Is  manifert. 

.  107.  Ifiwopanidu  i(f  maiter  art  similarly  impelled  during 
given  fMiet,  ihe  changes  of  velocity  are  a$  the  limes  and  as  the 
forces  jointly. 

Let  the  times  be  represented  bj  the  straight  lines  ABC 
(fig.  19.)  and  a  ie,  and  the  forces  by  the  ordinates  AD^ 
BE,  CF,  mdadj  b  c,  cf  Then  if  B  and  &  are  similar 
instants  (suppose  the  middles)  of  the  whole  times,  we  have 
BE :  &  e  =  AD :  a  rf.  Therefore,  bjr  the  lemma,  the  area 
ACFD  is  to  a  c/d  as  AC  X  AD  to  as  X  ait.  But  these  areas 
are  proportional  to  the  velocities  (No.  72<)»  and  the  propo^ 
silian  is  demonstrated.    For  thv  same  reasoO)  the  change 
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of  Teloeit  J  doriog  the  time  AB  if  to  th«  diange  duriag 
ab  as  AB  x  AD  to  abx  ad. 

Car.  I.  If  the  times  and  forces  are  reciprocallj  propor- 
tional,  the  changes  of  velocity  are  equal;  and  if  tha 
imes  are  inyerselj  as  the  times,  the  changes  of  Telocity 
are  equal. 

108.  if  two  particU$  be  nmhrfy  urged  along  gioensikw^ 
Ikt  dbuiges  made  an  tke  squares  of  the  veloeAies  are  as  dk 
farcts  and  spaces  jmntly. 

For  if  AC  (fig.  19.)  and  a  c  are  the  spacer  along  whidi 
the  particles  are  impelled,  and  the  forces  are  as  the  or- 
dinates  AD  and  od,  the  areas  AcTD  and  acfd  are  as  the 
danges  on  the  squares  of  the  velocities.  But  these  areas 
are  as  AC  x  AD,  and  ae  x  ad.    Therefore,  be. 

Car.  2.  If  the  spaces  are  inversely  as  the  forces,  the 
dianges  of  the  squares  of  the  velodties  are  equal ;  and  if 
these  are  equal,  the  spaces  are  inversely  as  the  forces. 

Car.  3.  If  the  spaces,  along  which  the  particles  have 
been  impelled  from  a  previous  stat^  of  rest,  are  diret^ly  , 
as  the  forces,  the  velocities  are  also  as  the  forces.  Foiv 
because  the  changes  of  the  squares  of  the  velodties  are  aa 
the  spaces  and  fojnces  jointly,  they  are  in  this  case  as  tha 
squares  of  the  forces  or  of  the  spaces ;  but  the  changes 
of  the  squares  of  the  vdocities  are  in  this  case  the  whole 
squares  of  the  vdocities ;  therefore  the  squares  of  the  ve* 
lodties  are  as  the  squares  of  the  forces,  and  the  vdocities 
are  as  the  f<Hx:es.  N.  B*  Thb  includes  the  motions  re- 
presented in  fig.  17. 

109.  If  tSDo  particles  be  similarfy  impelkd  along  given^ 
gpaeesy  from  a  state  of  rest^  the  squares  if  the  times  are  pro* 
portismd  to  the  spaces  dirsctfyj  and  to  tke  forces  incersefy. 

Let  ABC  (fig.  10.)  a  &  c  be  the  spaces  described,  and 
AD,  ad,  the  accelerating  forces  at  A  and  a.  Let  V,  B 
express  the  velodty  at  B,  and  o,  b  the  velocity  at  b. 

Let  GHK  and ghkhe  curves  whose  ordinaies  are  in« 
versely  as  the  velocities  at  the  corresponding  points  of  Uxf 
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abscissa.  These  curves  are  therefore  exponents  of  the 
times  (No.  99.)  Then,  because,  the  forces  act  similarlyi 
we  have,  by  the  iast  theorem,  AC  x  AD  :ac  x  a  d  = 
VSJB:  ©S  b,  =  hb»  :  HB^  Therefore  HB  :  A  6  = 
y  aexadz  VAC x  AD,  and  therefore  in  a  constant  ratio. 
Call  this  the  ratio  of  m  to  n.  But,  since  the  ordinates  of 
the  lines  GHK,  ghk  are  inversely  as  the  velocities,  the 
areas  are  as  the  times  (No.  99.) ;  and  since  the^  ordinates 
are  in  the  constant  ratio  of  m  to  n,  the  areas  are  in  the 
ratio  of  AC  x  tii  to  a  c  x  n.  Therefore  (calling  the  times 
of  the  motions  T  and  t)  we  have 

T :  r  =^fn  AC  :  nac;  and  therefore 
T* :  f»  =  m' X  AC*: «•  xac'.     But 
m^ :  n'^z:iacxad\  AC  x  AD*     Therefore 
T* :  ^  =  acxadx  AC«:  ACxADxac, 
OrT«:ft=:adxAC  t  AD  xac« 

.       0'-r-=4&  =  .^ 

The  attentive  reader  will  observe,  that  these  three  pro^ 
positions  give  a  great  extension  to  the  theorems  which 
were  formerly  deduced  from  the  nature  of  uniformly  ao- 
celerated  motion,  or  of  uniform  action  of  the  forces^  and 
were  afterwards  demonstrated  to  obtain  in  the  momentary 
action  of  forces  any  how  variable. 

The  first  of  the  three  propositions,  V  :  t?  =  F  x  T  :/x  (, 
is  the  extension  of  the  theorem /x  /=  d.  The  second, 
Vfi :  t?*  =  F  X  S  :  /  X  ff,  is  the  extension  of  the  theorem 

fx8=zvv.    Andthethii^d,  T«:e«==,  :  4,  is  the  ex- 
tension of /=-y4~.,  or  of /x  (ty  =  i  These  theorems 

bold  true  of  all  similar  actions ;  and  only  for  this  reason, 
are  true  of  uniformly  accelerated  motions,  or  uniform  ac- 
tions. 
There  remains  one  thing  more  to  be  said  concerning  the 

notion  of  accelerating  forces.    Their  magnitude  is  ascer- 
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timed  by  their  efiect.  Therefore  that  is  to  be  considered 
as  a  double  force  which  produces  a  double  quantity  of  mo- 
tion. Consequently  when  a  body  A  contains  twice  the 
namber  of  equal  atoms  of  matter,  and  acquires  the  same  Te- 
lodty  from  the  action  of  the  foree  F  that  another  body 
a,  containing  half  the  number  of  atoms,  acquires  from 
the  action  of  a  force/,  we  coneeiTe  F  to  be  dduble  of/ 
That  this  is  a  legitimate  inference  appears  clearly  from 
this,  that  we  conceive  the  sensible  weight  of  a  body,  or 
that  pressure  which  it  exerts  on  its  supports,  as  the  aggre^ 
gate  of  the  equal  pressure,  of  every  atom,  accumulated 
perhaps  on  one  point ;  as  when  the  body  hangs  by  a  thread, 
and,  by  its  intervention,  pulk  at  some  machine.  With- 
out inquiring  in  what  manner,  or  by  what  intervention, 
thb  accumulation  of  pressure  isabrought  about,  we  see 
clearly  that  it  results  from  the  equal  accelerating  force  of 
gravity  acting  immediately  on  each  atom.  When  this 
wei^t  is  thus  employed  to  move  another  body  by  the  in« 
tervention  of  the  thread,  which  is  attached  to  one  point 
perhaps  of  that  body,  it  puts  the  whole  into  motion,  ge- 
nerating a  certain  velocity  v  in  every  atom,  by  acting 
uniformly  during  the  time  I.  We  conceive  each  atom 
to  have  sustained  the  action  of  an  equal  accelerating  force, 

whose  measure  is  —    Without  considering  how  this  force 

is  exerted  on  each  atom,  or  by  what  it  is  immediately 
averted,  or  how  it  is  diffused  through  the  body  from  the 
point  to  which  the  weight  of  the  other  body  is  applied  by 
means  of  the  tjiread ;  we  still  consider  it  as  the  aggregate 
of  the  action  of  gravity  on  each  atom  of  that  other  body. 
M<Hreover,  attending  only  to  the  motion  produced  by  it, 
and  perhaps  not  knowing  the  weight  of  the  impelling 
body,  we  measure  it,  as  a  moving  force,  by  considering 
it  as  the  aggregate  of  the  forces  propagated  to  each  atom. 

ef  the  impelled  body,  and  measured  by  --.    If  we  know 
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Hud  the  impdled  Bodjr  oontaiaB  the  number  m  of  atoms, 
the  aggregate  of  forces  ism—,  or  . 

Bat  since  we  measure  forees  by  the  quantitjr  of  motion 
which  they  produce^  we  must  oonceive,  that  when  the 
aame  force  is  applied  to  a  body  which  consists  of  n  par- 
ticles, and  produces  the  velocity  w^.by  acting  uniformly 

during  the  same  time  t,  the  force  n —  is  equal  to  the 

force  m  — . 

110.  Newton  found  it  absolutely  necessary  to  keep  thia 
circumstance  of  )^celeration  clear  of  all  notions  of  quan- 
tity of  matter,  or  other  considerations,  and  to  contemplate 
the  affections  of  motioj^  only.    He  therefore  considered 

-^  as  the  true  original  measure  of  accelerating  force,  and 

in  -T-  as  an  aggregate*    He  therefore  calls  the  aggregate 

a  vis  motrix,  a  numng  forces  measured  by  the  quantity  of 
nudion  that  it  generates.     And  he  confines  the  term  acce^ 

leratihg  force  to  the  quantity  — ,  measured  by  the  acceU' 
ration  or  velocity  only.  It  would  be  convenient,  therefore, 
also  to  confine  the  symbol  fiom  — ,  and  to  retain  the  sym* 

bol  a  for  expressing  the  accelerating  force  — • 

Thb  appelbtion  of  motive  force  is  perfectly  just  and 
simple;  for  we  may  conceive  it  as  the  same  with  the 
accelerating  force  which  produces  the  velocity  hi  times  o  in 
one  particle,  by  acting  on  it  uniformly  during  the  time  t. 
This  motion  of  one  particle  having  the  velocity  m  9,  is  the 
same  with  tiiat  of  m  particles  having  each  the  velocity  v. 

If  therefore  a  motive  force/ act  on  a  body  consisting  of 

n  particles,  the  accelerating  force  a  is  =:  "^  — « 
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Tlier«fok«  file  t1ir«e  Ikrt  jproposttfont  <y»ttcetiiing  the 
siliiifar,  the  uniform,  or  the  motnefitary  BetUft»  df  inotin^ 
fefcesy  wbeii  expretsed  in  the  ihost  ^eiiersl  terms,  ore, 


-1- 

bi^  bi:Hkdti^o>0R6E^. 

111.  Wttkn  we  dbservt  the  d\te6ti6\i  of  a  bddjr  t6  change, 
We  uttavofdaMf  fnfbr  the  ag^ncj  Of  a  Tor^c^  which  acts  ih 
a  direction  lliat  does  not  icioifacide  With  that  of  the  body^s 
motion ;  snd  we  may  di^inguish  this  ctrt'umstance  bjr 
csiKng  H  a  nslrLkctnTO  VomcR.  We  tiave  already  shewn 
bow  to  estimkte  and  meksiirib  this  deflecting  force,  by  coo* 
ndering  it  as  comp^ht  to  the  productioli  of  that  motion 
whidk  w'ken  compounded  #ith  the  formcfr  motion,  wi(l 
]pFodiice  the  new  motion.  .  No.  44.  Now,  as  all  changes  of 
motion  are  rtelly  tompoiitjons  of  motions  or  forces,  it  is 
evident  thai  we  shall  e^pbtn  the  action  of  deflecting  forces 
when  we  shew  this  compdsition. 

Wte  may  almoirt  vlentur'e  to  i^y  ^  priori^  thajl  al^  deflec- 
tions must  be  continual.  Or  exhibit  curvilineal  motions ; 
fbr  as  no  finite  tdoclty,  or  change  of  velocilv,  can  be  pro- 
duced in  KU  instant  by  th^  action  of  an  accelerating  force^ 
lio  polygonal  or  filiguliir  Reflection  can  be  produced  ;  lie- 
Caitse  t^fs  is  the  coinpositidn  Of  a  finite  velocity  produced 
in  an  insttmt.  ,  Deflectjre  motions  are  all  produced  by  the 
composition  tX  the  former  motion,  having  a  finite  velocity, 
with  li  t^aiitfversfe  motioA  continually  accelerated  from  a 
rtale  df 'rest  Of  this  i^e  .cab  forna  a  very  distinct  notion, 
by  talxng  the  simplest .  case  of  such .  acceleilEUe4  motiojij 
namdy,^an  uniformly  accelerated  motion. 

VOL.  I.  t 
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.112.  Let  a  bpdy  be  moving  in  die  direction  AC  (fig.  20.) 
.with  any  CQDslant  velocity,  and  ,when  it  comes  to  A,  let 
it  be  exposed  to  the  action  of  an.aocelerating  fonce,  acting 
uniformly  in  any  other  direction  AE.  This  alone  would 
cause  the  body  to  describe  AE  with  a  untfontily  ateele* 
rated  motion,  so  that  the  spaces  AD,  AE  would  be  as  the 
squares  of  the  times  in  which  they  ttre  described.  There- 
fore,  if  AB  be  the  space  which  it  would  have  described 
uniformly  in  the  time  that  it  describes  AD  by  the  action 
of  the  accelerating  force^  and  AC  the  space  which  it  would 
have  described  uniformly  while  it  describes  AE  by  the 
action  of  the  accelerating  force— nothing  more  is  wanted 
for  ascertaining  the  real  motion  of  the  body  but  to  cenv 
pound  the  uniform  motion  in  the  direction  AC  with  the 
uniformly  accelerated  motion  in  the  direction  AE.  AD 
is  to  AE  as  the  square  of  the  time  of  describing  AD  to  the 
square  of  the  time  of  describing  AB  ;  that  is,  as  the  square 
of  the  time  of  describing  AB  to  the  square  of  the  time  of 
describing  AC  ;  that  is,  as  AB^  to  AC^  (by  reason  of  the 
.uniform  motion  in  AC).  This  composition  is  performed 
by  taking  the  simultaneous  points  B,  D,  and  the  simulti^ 
neous  points  C,  t),  and  completing  the  parallelo^ama 
AB]fD,  AC6E.  The  body  will  be  found  in  the  peinta 
T  and  6  in  the  instants  in  which  it  would  have  beeta  found 
at  3.  and  C  fay  the  uniform  motion,  or  in  D  and  E  by  the 
accelerated  motion.  ]in,the  same  manner  may  be  found  aa 
many  points  of  the  real  path  as  we  please.  It  is  plain  that 
these  points  will  be  in  a  line  AP6,  so  related  to  AE  that 
AD :  AE  =  DF' :  Eti* ;  or  so  related  to  the  original  mo* 
tion  AC,  that  AB^:Ad*=zBF  :  CG,  &c.,  This  line  is 
therefore  a  parabola  ot  which  AE  is  a  diameter^  Dt"  and 
EG  are  ordinates)  and  which  touches  AC  in  A. 

Having  thus  ascertained  the  path  of  the  body^  we  can 
also  ascertain. the  motion  in  that  path;  that  is,  tl|e  velo- 
city in  any  point  of  it/  We  know,  that  thf  velocity  in 
the  point  G  is  to  the  velocity  of  the  unifornp^  .nation  in 
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tie  dirodion  AC  as  the  Ungent  T6  is  to  the  ordinate 
£G ;  becaoee  this  is  the  ultimate  ratio  of  the  lUomentarT' 
uMranent  of  the  arch  AFG  to  |he  momentaiy  inerement 
of  the  ordinate  EG.  Thus  is  the  ?elocitj  in  every  point 
of  the  cmre  detemuned*  We  have  taken  it  fer  granted^ 
that  the  line  of  projection  touches  ihe  path,  and  that  the 
diiection  in  every  point  is  that  of  the  tangent.  To  sup- 
pose that  the  curve,  iii  any  portion  of  it,  coincides  with 
the  tangent,  is  to  suppose  that  the  body  is  not  deflected ; 
that  is»  is  not  acted  on  by  a  transverse  accelerating  force : 
And  to  suppose  that  the  tangent  nudges  a  finite  angle  with 
any  part  of  the  path,  is  te  suppose  that  the  deflection  is 
not  continual,  but  by  starts— both  of  which  are  contrary 
to  the  conditions  of  the  case,  ^o  straight  line  can  be 
drawn  between  the  direction  of  the  body  and  the  suc- 
ceednig  portion  of  the  path,  otherwise  we  must  again 
suppose,  Uiat  the  deflection  is  subsultory,  and  the  motion 
angular. 

113w  But  while  the  investigation  is  so  easy  when  the 
direction  and  intensity  of  the  deflecting  force  in  every 
point  of  the  curve  are  known,  the  investigation  of  the  de- 
flecting force  from  the  observed  motion  is  by  no  means 
caqr.  The  observed  curvilineal  motion  always  arises 
from  a  composition  of  a  unifbrm  motion  in  the  tangent 
with  some  transverse  motion.  But  the  same  curvilineal 
motion  may  be  produced  by  compounding  the  uniform 
motion  in  the  tangent  with  an  infinity  of  transverse  mo- 
tions ;  and  the  law  of  action  will  be  different  in  these 
transverse  motions  according  as  their  directions  differ. 
We  must  learn,  not  only  the  intensity  of  th^  deflecting 
force,  and  the  law  of  its  variation,  but  ajso  its  direction 
in  erery  point  of  the  curve.  It  is  not  easy  to  find  gene- 
ral rules  for  discovering  the  direction  of  the  transverse 
force ;  most  commonly  this  is  indicated  by  extrinsic  cir- 
comstancesi  The  deflecting  force  is  frequently  observed 
to  reside  in,  or  to  accompany  some  other  body.     It  may 
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be  prefiilm6d,^t^fei*er6re,  tli&t  it  ai^s  in  th^  dif^tob  t(  iM 
Itne  drttWn  to  Or  fV6m  th^t  hbdf ;  fet  eren  this  b  uhe6r- 
tain.  The  most  general  tn\ti  fbr  this  int^stigitiim  is  to 
observe  the  ^lade  of  tfaelibdy  at  several  intervals  ^f  timd 
before  and  after  Iti  jidssing  Yhrdugh  the  p6idt  0f  ihtft 
curve,  n^here  We  are  Interested  to  find  its  precise  direo^ 
tion.  We' then  draW  lid^s,  jdiding  those  plades^with  thtft 
plaices  of  the  tangent  tvhei'e  the  bddy  -iVDuId  have  beeii  hf 
the  uniforhi  liibtion  only.  We  shall  perhaps  db^enr^ 
these  lines  of  junction  keep  in  pbi^aHel  positions :  we  initf 
be  assured,  that  the  direction  of  the  transverse  forte  is 
the  same  With  that  of  any  of  thiese  lines.  This  ik  th^ 
case  in  th^  example  just  now  given  of  a  parabolic  mdtion. 
But  when  these  lines  change  position,  they  will  dhiingeit 
graduaHy ;  and  their  position  in  the  pbibt  of  C6ntact  ill 
that  to  which  their  positions  on  bdth  tides  of  it  gradaaliy 
approximate. 

But  all  this  is  destitute  of  the  precision  requisite  ih 
philosophical  discussion.  We  are  indebted  to  NeWton 
for  a  theorem  which  ascertains  (he  directibn  of  the  trans- 
verse force  with  all  exactniiss,  in  the  cases  in  which  W^ 
taiost  of  all  Wish  to  attain  mathematical  accni*acy,  and 
which  not  only  6p'ened  the  access  to  those  discoverl^ 
which  have  immortatfsed  his  nafhe,  but  also  pointed  otit 
to  him  the  path  he  Was  to  fbllow,  and  eren  marked  his 
first  steps.  It  therefore  merits  iEt  verjr  pkriiculai*  treat- 
ment. 

114.  If  a  bocify  describes  a  ctiiVe  line  ABCWSP  (fl^. 
Si.)  lying  in  one  plane,  and  if  there  be  a  point  8  sk> 
situated  in  this  plane  that  the  line  joining  it  with  the 
body  describes  areas  ASB,  ASC,  ASD,  kc,  proportional 
to  the  times  in  which  the  body  describes  the  arches  AB, 
AC9.AD9  &c.  the  force  which  deflects  the  body  from 
rectilineal  motion  is  continually  directed  to  the  fixed 
point  S. 

Xel  us  first  siippose  that  the  body  describes  the  poly- 
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£PQ  ABCDEF,  &o.  formed  of  the  chords  AB*  BC,  CP^ 
DE,  £F,  &c.  of  thi^  cifrve :  f){id  (for  greater  simplicity 
ff  argapi/?i^t)  Ift  i|8  coAsidor  ^ceas  d^ociibed  in  equal  tuc* 
cessive  times ;  that  is,  Ut  ub  sfippoae  that  thf  triangleil 
ASB,  BSC,  CSD,  ifq.  af*e  ^ualf  and  de«cribe4  ip  etiual 
tives.    M^e  B  c  =z:  AB>  apd  drmr  c  S, 

Had  the  motbn  AB  8U0ea:ed  no  ch^^  in  the  point  B^^ 
the  body  would  have  deacri|bed  B  c  in  t)9e  equal  moment 
nipceediiig  the  first :  hfU  it  deacribes  BC*  The  body  has 
therefore  been  deflected  by  an  ext/ernal  force ;  and  BC  is 
the  diagonal  of  a  parallelogram  (No.  4i5»  46.),  of  which 
9  c  18  one  &ide»  and  cQ\$  another.  The  deflecting  force 
will  be  discovered,  both  in  respect  of  direction  and  inten« 
sity,  by  completing  the  parallelogram  B  c  C  6.  B  fr  is  th^ 
space  which  the  deflecting  force  would  have  caused  the 
body  to  describe  in  the  time  that  it  describes  B  c  or  BC. 
jBeeauae  B  c  is  equal  to  BA,  the  triangles  BS  c,  BSA  are 
eqoaL  But  (by  the  natifre  of  tl^e  motion)  BSA  is  equ4 
to  BSC.  Therefore  the  triangles  BSC  and  3S  c  are 
equal  They  are  also  on  the  same  base  Bd ;  therefore 
they  lie  between  the  same  parallels^  and  C  c  is  parallel  to 
SB.  But  c  C  is  parallel  to  B  b.  Therefore  B  b  coincides 
irith  BS,  and  the  deflecting  force  at  B  is  directed  towar4 
S.  By  the  same  argument  the  deflecting  force  at  the 
angles  D,  £,  F,  &c.  is  directed  jto  S, 

Now,  let  t^e  sides  of  the  polygop  be  diminished,  and 
their  number  increased  without  end.  The  demonstrap 
tion  remains  the  same ;  and  continues,  when  the  polygon 
finally  coalesces  with  the  curve,  and  the  deflection  is  con- 
tinual. 

When  areas  are  described  pcoportional  to  the  times, 
equal  areas  are  describe^  in  equal  times ;  and  therefore 
the  deflection  is  always  dicected  to  S.    Q.  £.  D. 

The  point  8  may,  with  great  propriety  of  language, 
be  called  the  centre  of  defi^bction,  or  the  centre  op 
forcer;  and  forces  which  are  thus  continually  directed 
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to  one  fixed  .porot,  may  be  distinguished  from  other  de- 
flecting forces  bjr  the  nanae  central  forcks. 

The  line  joinins  the  centre  of  forces  with  the  bodj,  and 
which  may  be  conceived  as  a  stiff  Iine>  carrying  the  |>ody 
round,  is  usually  named  the  radius  vector. 

115.  The  converse  of  this  proposition,  viz.  that  if  the 
deflecting  forces  be  always  directed  to  S,  the  motion  is 
performed  in  one  plane,  in  which  S  |s  situated,  and  areas 
are  described  proportional  to  the  times — is  easily  demon- 
strated by  reversing  the  steps  of  this  demonstration. 
The  motion  will  be  in  the  plane  of  the  Ifaies  SB  and  Be; 
because  the  diagonal  BC  of  the  parallelogram  of  forces 
is  in  the  plane  of  ((be  sides.  Areas  are  described  propor- 
tional to  the  time^;  for  C  c  being  parallel  to  SB,  the  tri- 
angles SCB  and  S  c  B  are  ^ual ;  and  t^ierefore  SCB  and[ 
SAB  are  equal,  &c.  &c. 

116.  Cw.  1.  When  a  body  describes  areas,  round  S 
proportional  to  the  times,  or  when  it  is  continually  de- 
uected  toward  S,  or  acted  on  by  a  transverse  force  di- 
rected to  S,  the  velocities  in  the  different  points  A  and 
£  of  the  curve  are  inversely  proportional  to  the  perpen- 
diculars S  r  and  $  (,  drawn  from  the  centre  of  forces  to, 
the  tangents  in  those  points ;  that  is,  to  the  perpendicu;* 
lars  from  .the  centre  on  th^  momentary  du*ections  of  the 
motion :  For  since  the  triangles  AS.0,  ESF  are  equal, 
their  bases  AB,  £F  are  inversely  as  their  altitudes  S  r, 
S  L  But  these  bases,  being  described  in  equal  times,  are 
as  the  velocities ;  and  they  ultimately  coincide  with  the. 
tangents  at  A  and  E. 

U7.  Cor.  2.  IfB«  and]|^t  be  djpawn  perpendicular  to^ 
SA  and  SE,  we  have  SA  x  B.«  =  SE  x  F  •,  and  SA :  SE 
=  F  • :  B  «  :  For  SA  x  B  «  is  double  of  the  triangle 
BSA,  and  SE  x  F  •  is  double  of  the  equal  triangle  SFE.  * 

118.  Cor.  3w  The  angular  velocity  round  S,  that  is,  the 
magnitu^^  of  the  angle  described  in  equal  times  by  the 
radius  vector^  is  inversely  proportionalto  the  sc^uare  of 
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tlie  distance  from  S.  For  when  the  arches  AB,  EF  are 
diminished  continually,  the  perpendiculars  B  «  and  F  • 
will  ultimately  coincide  with  arches  de8cr^>ed  round  S 
with  the  radii  SB  and  SF.  Now  the  magnitude  of  an 
tngie  it  proportional  to  ihe  leifgth  of  the  arch  wfaicb 
BieBsnres  it  directly,  and  to  the  radius  of  the  arch  in- 
Tersely.  In  any  circle,  an  arch  of  two  inches  long  mea- 
lores  twice  as  many  degrees  as  an  arch  one  inch  long ; 
snd  an  arch  an  inch  long  contains  twice  as  many  degrees 
of  a  circle  whose  radius  is  twice  as  short. '  Therefore, 
ultimately,  the.  angle  ASB  is  to  the  angle  ESF  as  B  «  to 
Fs  and  as  SF  to  SB  jointly;  that  is,  as  B  •  x  SF  to 
F  <  X  SB,  But  B  •  :  F  <  =  8E I  SA  (Cor.  2.).  Therefore 
ASB  5  ESF  =  SE  X  SF  :  SB  x  SA,  =  ultimately 
SE«  :  SB*. 

This  corollary  gives  us  an  ostensible  mark,  in  many 
▼ery  important  eases,  of  the  aotion  of  a  deflecting  force 
being  aJways  directed  to  a  fixed  point  We  are  often 
Me  to  measure  the  angular  motion  when  we  cannot  mea* 
sure  the  real  rdoeities. 

Having  thus  discovered  the  chief  circumstances  which 
enable  us  to  ascertain  the  direction  of  the  deflecting  force, 
we  {MTOceed  to  investigate  the  quantity  of  this  deflective 
determination  in  the  different  points  of  a  curvilineal  mo- 
tion. This  is  a  more  difficult  task.  The  momentary 
efieet  of  the  deflecting  force  is  a  small  deviation  from  the 
tangent  i  and  this  deviation  is  made  with  an  accelerated 
motion.  The  law  of  this  acceleration  regulates  the  cur- 
vature of  the  path,  and  is  to  be  determined  by  it.  We 
may  be  allowed  to  observe  by  the  way,  that  it  appears 
clearly  from  the  form  in  vf hich  Newton  lias  presented  all 
bis  dynamical  theorems,  that  we  are  indebted  to  these. 
problems  for  the  immense  improvement  which  he'  has 
made  in  geometry  by  his  invention  of  fluxions.  The 
purposes  he  had  in  view  suggested  to  his  penetrating 
mind  the  means  for  attaining  them ;  and  the  conncctia^ 
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betwves  djnmn^ipB  ifii  g^om^/Lrj  ^  w  iotinrafet  thai  tfa^ 
9fim^  t|]eorani»  4|ife  va  a  iqiipd^  cpmvmA  i^  both.  Thjif 
|s  pwtieul^Ij  1%  oaa^  la  4II  thajb  rebte^  to  fi^un^atur^ 
We  Uav«  asM  hqw  l^e  curvat^r^  of  ^  parabolft  U  produ^ 
^  fagr  ^  %ca  fusing  uiiiSDvin\]r.  •  The  w^meiif^fy.  actioi| 
of  aH  ^nUef^rc^  majf  h($  c^asklered  1^  miifonpii;  w4 
ttaes^fore  tbie  ^iim^^rf  ifill  bi^  that  of  aoma  portion  of 
soma  pofiMa;  bi^  H  wUl  ba^ifi^vlt  to'detofnina  th« 
iuraciae  4<«Ef^  wUbout  som^  fiartker  h^lp.  W^  cu-e  hfa( 
foqiwaM  wHIi  ihA  j^optrtie^  of  the  cirale.  i|nd  will 
^ave  th*  c^saneat  iKAi^Ha  of  ^he  cwrvKtura  of  o(h?r  cuffj^ 
}^y  oomparwg  tihw  With  ^ink$^ 

Tha.CVrvatiire  of  a  ^^^iar  arph  Off  giyevi  lei^tii  ta  sp 
W!ph  gr^^r  V  its  ra^iV"  is  ijbort^;.  foe  it  will  footaiifL 
so  many  more  degrees  in  the  ^nie  length ;  ai\d  therefor^ 
^  ^hf^pge  of  dirco^ofi  of  its  eJi^emilim  yk,  so  muph 
gr^er.  pjinnr^tijures  -mff  4Mraj«  be  v^^iaaHiped  bgr  th^ 
^llgth  oi^  the  arch  4kecHy  and  tt^  Ta4iv^  invf ras|x- 

119.  Sm)p9fMe  f  thr^  m9^  fast  «t  ope  ?Bd  of  a  ma^r 
rial  cunre  ABCD  (fig.  22.)  and  a^ifdied  ta^  it  ia.  its  whole 
Ngth.  T^^ifpffg  h^ld  of  ita  eztrowljr  D^  fip£c4d  it  gr^- 
4MaJU^  Atim  tlM9  €iir^  QCBA;  the  #atremttj(  p-  will  dor 
j^riiii^  cffiot^fr  9i)rv^  P  f  4  <l  Tl^a  gep^etry^id  4^)ai:aUoii 
is  caUed  Uhb  icTx>^iJi!ioi^  of  ourm^.  ^d  Hcbai^  ^IWd. 
4he  a^yoLUTB  of  DCBA,  w^i^  is^ed  the  ^nvolui^b  of 
D  cb^  X^rhajis this  danoisdqatioa  Ms b^n  gi^?n  froia 
"^be  geo^is  ^  ^  area  0^  wrfa^  ^ntainad  by  the  two 
Un^Si  w^iob  is  folded  up  iUKd  ufifiidded  sonpif wh^t  IJke  • 
if  p.  Jffh/fti  the  describing  p^i^t.if  in  A,  the  t|^ead  (,  P 
ill,  uadovibt^y,  tlM^  movoenta^  cadius  of  a  ourolf  a  b.J^ 
wbose  (r?9t]ie  is.  ^  the  pojut  9f  tha  ioivohite  vfliicb  it  is 
just  going  to  quit.  Tb^,  mpipentary  lootti^  of  ^  i^  tjt^ 
aain^  wJif^r  it  U  d^9<^ihiog  a^  arob  of  "^a  fRrqlute  pasf- 
ing  throi\gh  |v  or  an  arch  of  a  ci^e  topumI  the  oentre  9. 
Tbe  aaojie  line  i  (,  perpendicular  to  th/e  thread  A  B,  tottejb^ 
the  f^ircle  e  (/  and  the  eunre  D  i  ^t  19  the  point  b.    Thja 
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OKle  €  &/mi»t  lie  wiUuQ  the  ^rurve  D  i  a  00  tfi«  ude  a( 
>  B  toward  a;  because  on  this  side  the  momentary  ladivi 
i^  contiBuolly  ioipregaii^.    For  similar  re^ws,  t^9  circle 
thf  lic9  without  th«  curve  pa  ^the  a|hv  fide  of  b^^ 
Therefore  the  circle  t  hf  hoih  W^ch^B  Md  pit4  th^  ^vurir^ 
J) bain  the  poipt  ^.    JU^of^over,  hecaiiw  ev«v7  pi»rtion 
of  the  curve  betir^eii  b  and  D  u  d^airihed  ivith  ir»dfi  th|u( 
are  shorter  than  &  B»  it  mus(  bt^  qiare  incarvflied  tbw  ^j 
portion  of  the  ci^dp  e  (  /    For  simiLir  rettpoos,  evi^ry 
portion  of  tbj^  cHr?<;  bctweexi  ^  a^d  <t  must  be  Vm  iaour« 
vated  than  this  circle ;  Ui^ne&r^  the  cirde  ]uis  that  pn^ 
else  degree  of  euF?ature  th|it  belong  to  the  cufve  ia  the 
point  ^ ;  it  is  iberjefore  «alk4  iha  ^^v:uav«  ^iw^%^  er 
the  ^Ro«a  ov  cuBVArvna^  wd  B  k  galled  the  centre,  ^o^ 
3  i  the  luoigs  ^w  cjui^t^tvaib*    It  i»  ^y  to  p^r^y^ 
that  ao  circle  cm  be  describe  which  shall  touch  the  currf 
in  &,  and  come  between  it  and  the  circle  e  bf\  for  iti 
eenti^  iiuuit  he  in  some  point  i  q(  the  ra^iui  &  B.    If  &  ( 
be  lesa  thao  B  i»  it  miist  fay  wijthin  the  curve  on  bpvh 
sides  of  b^  and  if  t  &  is  greats  i^v^  h  6,  thf  ^k^e  mmt 
fail  witboul  the  curve  oa  be^  ni^  of  9  &•    Thf  circle 
€  bf  lies  dosef  to  the  curve,  (ti^  closer  conteot  i/Ylth  it, 
^lan  any  ather,  |ip4  ^^<^  therefor?  got  th(?  wlvwi^l  nime 
of  oacvLATJiiio  4^acli^  ^  a|ul-this  sort  pf  OQOte^t  WM  edi- 
ed  oaccuATiON, 

This  view  o[f  tbe  gfil^sif  of  ^^r^^  li^es  W  <if  pfirticular 
use  in  dyamnicd  discussions.  It  ei^hibits  tp  the  eye  the 
perfect  samenfss  of  the  momentary  motion,  end  therefore 
of  the  monifntejry  4etle^tioim  in  the  (curve  e^d  19  the  equi- 
avnre^irde}  wdleares  th^e  m^ind  vrithovt  »  doubt  but 
that  the  fosoes  whi^h  produce  the  loae  wiU  pr^^duee  the 
othef.  A  griiat  ^afiety  of  cutvea  «f|ay  be  deacribed  in 
tins  way.  If  pisrpendicuja|»  be  A^ai^A  tp  the  cunse 
D  i  a  in  every  pM>t»  they  will  ifitenueet  each  other, 
each  ita  immedisite  neighbour,  in  the  circumference  -of 
the  curvf  pBiA.^  and  geonleir^  teaches  us  bow  to  find 
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the  cuTFe  DBA  which  shnJH  produce  the  cunre  Hbahy 
evolution. 

It  is  a  matter  worthy  of  remark,  that  the  path  of  a  body 
Hhat  is  deflected  from  r^tilineal  motion  by  it  Jinite  force, 
varying  according  to  any  law  whatever,  may  always  be 
described  by  evolution.  This  includes  almost  every  case 
of  the  action  of  deflecting  forces ;  none  being  excepted 
but  when,  by  the  opposite  action  of  different  forces,  the 
body  is  in  eauilibrio  in  one  single  point  of  its  path. 

Our  task  is  now  brought  within  n  very  narrow  cpmpass^ 
namely,  to  measure  the  deflection  in  the  arch  of  a  circle^ 

Had  the  motion  represented  in  fig.  21.  been  polygonal^ 

it  is  plain  that  the  deflecting  force  in  the  point  B  is  to 

that  in  the  point  E  as  the  diagonal  B  &  of  the  parallelogram 

ABC  6.  to  the  diagonal  £  i  of  the  parallelogram  DEF  t ; 

therefore  let  ABCZY  be  a  circle  passing  through  the 

points  A,  B,  and  C,  and  let  the  radius  vector  BS  cut  the 

circumference  in  Z ;  draw  AZ,  CZ,  and  the  diagonal  AC, 

•  which  neeessarily  bisects  and  is  bisected  by  the  diagonal 

B  b.    The  triangles  i  BC  and  CBZ  are  similar ;  for  the 

angle  C  &  B  is  equal  to  the  alternate  angle  A  B  6  or  ABZ, 

which  is   equal   to  ACZ,  standing  on  the  same  chord 

AZ.    And  the  angle  CB  &,  or  CBZ,  is  equal  to  CAZ» 

standing  on  the  same  chord  CZ  ;  therefore  the  remaining 

angle  b  CB    is  equal   to   the   i:emaining  angle  AZC  ; 

therefore   ZA    is    to   AC    as    BC   to    B  &,    and    B  fr 

ACxBC.     T    ru                 T?  •         DPxEF 
=       .y —      In  hke  manner  E  %  =?    — y; . 

Now  let  the  points  A  and  C  continually  approach, 
$nd  ultimately  coalesce  with  B ;  it  is  evident  that  the 
circle  ABjCZY  is  ultimately  the  equicurve  or  coinci- 
ding circle  at  the  point  B,  and  that  AS  ultimately  coa* 
lesces  v^itb,  and  is  equal  to,  BS,  and  that  ACxBC 
is  ultimately  SBC  ;  therefore  ultimately 

r^.v^.       2BC*    «EP« BC«     EF« 

BJ:E.  =  .5^:  Tg^,  or=^    ^Z  '  ifii' 
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Now  BC  and  EF,  being  described  in  equal  times,  are 
as  the  Telocities  .  B  b  and  E  t  are  the  measures  of  the 
Telodties  which  the  deflective  forces  at  B  and  E  would 
generate  in  the  time  that  the  body  describes  BC  or  EF, 
and  are  therefore  the  measures  of  thosa  forces.  Thof  an 
QM  ike  Mqmares  oj  the  velocities  dirtcU^  and  tMoerscly  a$  <Aota 
dbrdff  of  the  equicurve  circUi  whieh  have  tke^dirtctumi  of  the 
iefkction. 

Observe,  that  B  &  or  E  t  is  the  third  proportional  to> 
half  of  the  chord  and  the  arch  described ;  for 

B*:BC  =  BC:^. 

It  is  evident,  tliat  as  the  arches  AB,  BC,  continually 
diminish,  AC  is  ultimately  parallel  to  the  tangent  B  r^ 
and  BO  is  equal  to  the  actual  deflection  from  the  tan- 
genL    The  triangles  BOC  and  AOZ  are  similar,  and 

BO  =  ^-,   or  ultimately  =  J^.   We  may  measure 

the  forces  by  the  actual  deflections,  because  they  are  the 
hahres  of  the  measures  of  the  ^ene^ated  velocities ;  and 
we  may  say  that 
ISO.  7%«  actual  momentary  iejleetion  Jhm  the  tangent  ia  a 

third  proportional  to  the  defective  chord  of  the  ejuicwrve 

cirek  and  the  arch  described  during  the  moment. 

Either  of  these  measures  ma^  be  taken,  but  we  must 
take  care  not  to  confound  them.  The  first  is  the  most 
proper,  because  the  change  produced  on  the  body  (which 
is  the  vnmediate  effect  and  measure  of  the  force)  is  the  de* 
termination,  left  inherent  in  it,  to  move  with  a  certain  ve** 
lecity.  This  is  the  measure  also  which  we  obtain  by 
means  of  the  differential  or  fluxlonary  calculus ;  but  the 
other  m^sure  must  be  obtained  when  our  immediate  pb* 
ject  is  to  mark  the  actual  path  of  the  body. 

Thus  have  we  obtained  a  measure  of  deflecting  force, 
sod,  in  the  most  important  cases,  a  method  of  discovering 
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U9  di|:«ct|Oit    It  polj  remains  to  poH|t  out  the  relation 

\jfiiM&^n  the  intensity^  of  the  force,  th^  curvature  of  thiQi 

ff^hp  {iih|  the  vdocity  of  ^he  motion.    These  three  cir^ 

cipipt^nees  have  a  oeceasury  coqmctioB,;  for  we  see  that 

the  inleiisitj  is  expressed  by  certain  values  of  the  other 

X      '    ^u   t        I    ^  '     Arch*  ^        2BC     -,. 

two  in  the  formula  /  =  i  chord'  ^^  f  ~     "bZ    ' 

deflective  velocity  Bfr  is  acquired  in  the  time  that  the 
^dy  d^crih^  BC ;  tber^fpr^  the  deflepti^e  velocity  is  to 
the  velocity  i^  the  curve  as  B  &  to  BC.  The  velocity  B  6 
is  acquired  by  an  accelerated  motion  along  BO ;  for  while, 
by  progressive  motion,  the  body  describes  BC,  it  deflects 
ffpm  the  t^ngept  tbix>ugh  a  3pace  eqnal  to  the  half  of  9  &, 
b^o^uaie  the  momentary  s^tiion  of  the  deflecting  force  maj 
\f^  c^onsAdered  as  iinifbri^.  The  progressive  velocity  BC 
8[iay  be  ganerated  by  the  same  foijce,  uniformly  acting 
#  through  a  space  greater  than  BC ;  call  this  space  x.  The 
spaces  along  which  a  boc^  must  be  uniformly  impelled  in 
prder  to  acquire  dlAT^rei^t  velocities,  are  M  the  sqijuu>es  of 
thq^e  velocities  |^  therefore  B  6''  :  BC  ^  B  o  :  x ;  but 
B&:BC=:BC  :  J  BZ;  therefore B6':  BC'  =  Bi:  |  BZ^ 
«nd  B>  :  i  B.Z.  ==  ^o ;  a^,  and  Bfr  :  Bo  c=  ^  BZ  :  x;  bu^ 
j^  0  is  i  of  B^;  therefore  «  is  ^  of  ^Z ;  that  is» 

121.  The  veioci^  in  ^jf  poifU  iff  a  eufvilin^  patk,  U  tkat 
IBtiUcA  (Ae  d^ti^  foxw  m  ^  f^M  mM  generate  in  the 
J^  hjf  impeiling  it  unijformjlff  ulong  QV  fourth  pqrt  of  thf 
^ll^ti^e  ^ord  9/  the  etp^jfurve  circle.  If  the  velocity  in* 
SW9»p^  th^  chord  of  the  eq|ui/^prve  circle  muat  increase ; 
ftJIgiat  is>  th,e  path  bjscpw^s  le^  incurvated.  If  the  fi)rce  b^ 
increased,  the  ci^vature  wi{l  abp.  ]^ci:ease^  for  the  choirf 
pf  cvrifature  ivill  be  les^* 

There  is  another  ganeral  ^^bs^rvation  to  be  loade  on  %kff 
velocity  of  a  curvilioe^  n^ti^p  vbich  greatly  assists  yf 
jio^iifHrwLvcstig^tio^is. 
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192.  If  a  hoJfy  dtscfibn  a  curve  iy  the  ad&m  ^  a  fetcB 
(tbrayy  directed  to  njtxed  poSntj  nnd  varying  tiec&rMng  todmf 
pnperHon  whatever  of  the  dtdattcee  from  thoA  pointy  mi  if 
ioMer  6iM^,  deterf  vnbyike  mme  cefUripetd  fitoe^  mo^  1^ 
ward  the  centre  in  a  straight  linty  and  if  in  any  one  can  wf 
e^md  distances  from  the  centre  tff<ffce  tAi  iit^  Mies  kkve 
etptd  offoefitrs,  thty  will  have  tqUnl  vdocities  in  every 'xMlt^ 
case  ofeqwd  distdnees  frotk  the  centre. 

Let  one  body  be  itnpelled  fh>tti  A  (fig.  23.)  towft^d  C 
dong  the  stmigbt  line  AVDEC,  md  let  ftnoiher  b«  dt^> 
fleeted  along  the  cunre  line  VIK  k.  About  the  c^tl^ 
C  describe  concehtric  arches  ID,  KE,  Terjr  neii^tb  each 
other,  tad  cutting  the  curve  in  I  and  K,  and  the  liHe  A6 
in  D  and  E ;  dmw  IC,  cutting  K£  in  N,  and  draw  Nil? 
perpendicular  to  the  arch  IK  of  the  eurte,  and  complete 
the  parallelogram  ITNO.  Let  the  bodies  be  Mppof^  t6 
have  equal  velocities  at  T  and  at  D. 

Then,  because  the  centripetal  foVces  are  suppoi^d  tb  ht 
the  same  for  both  bodies  when  they  are  at'equki  disi 
tances,  the  accelerating  forces  at  D  aiid  I  ttkky  be'  teptti' 
seated  bj  the  equal  lines  DE  and  IN  ;  but  the  fbi'ce  IN 
is  not  wholl j  employed  In  tecel^riating  the  body  abtig  th^ 
arch  IK,  but,  acting  transVet>sely,  It  is  partly  employed  iti 
incurvating  the  path.  It  Is  equivalent  to  the  two  fortes 
10  tokd  IT  of  which  <>hly  IT  decelerates  the  body.  Now 
IKN  is  a  right-angled  triangle,  ali  h  Sio  the  triangle  INT ; 
and  they  are  sitoilar ;  therefore  IN  :  IT  =  IK  :  IN,  or 
DE :  IT=:IK :  DE;  that  is,  the  forte  which  accelerates  the 
body  along  D(E  is  So  the  force  which  bbcelerates  the  body 
along  IK  as  the  space  ^K  Is  to  the  spaee  DE ;  th^forb 
(No.  86.)  the  increment  ot  the  squafe  df  the  velocity  ac- 
quired along  DE  is  equal  to  the  fncremetit  of  the  square  df 
the  velocity  acquired  along  IK.  fiut  the  velocities  id  £> 
and  I  were  equal,  and  consequently  ihetr  squai*eS  Were 
equal ;  and  tl^ese  having  received  equal  incre'mfentf^  thfet^ 
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fore  the  squares  of  the  Telodties  at  £  and  E  are  equal,  and 
the  velocities  themselves  are  equal.  And  since  thb  is  the 
case  in  all  the  corresponding  points  of  the  line  AC  and  the 
curve  VIE^  the  velocities  at  all  equal  distances  from  C  wiU 
be  equal 

It  is  evident  that  the  conclusion  will  be  the  same,  if 
the  bodies,  instead  of  being  accelerated  by  approaching 
the  centre  in  tl\je  straight  lipe  AC,  and  in  the  curve  VIE, 
are  moving  in  the  opposite  directions  from  £  to  A,  or 
from  I  to  V,  and  are  therefore  retarded  by  the  centripetal 
forces  / 

.  123.  Cwr.  Hence  it  follows,  that  if  a  body  be  projected 
from  any  point,  such  as  V,  of  the  curve,  in  a  line  tending 
Btiaight  from  the  centre,  with  the  velocity  which  jt  had  in 
that  point  of  the  curve,  it  would  go  to  a  distance  VA,  such, 
that  if  it  were  impelled  along  AV  by  the  centripetal  force, 
it  would  acquire  its  former  velocity  in  the  point  V ;  alse 
in  any  point  between  V  and  A  it  will  have  the  same  velo- 
city  in  its  i'ecess  from  the  centre  that  it  has  there  in  ita 
approach  to  the  centrei 

The  Une  BLFG4  whose  ordinaies  are  as  the  intensities 
.of  the  oentripetal  force  in  A,  V,  D,  %  6t  in  A,  V,  I,  K, 
may  be  called  the  soaiib  or  exponent  of  force;  tlie  areas 
bounded  by  the  oi>dinates  AB,  VL,  DF,  £&,  &a  drawn 
from  any  two  points  of  the  axis,  are  as  the  squares  of  the 
velocity  acquired  by  acceleration  alon§  the  intercepted 
part  of  the  axis,  or  in  any  curvilineal  path,  while  tde  body 
approaches  the  centre,  or  which  are  lost  while  the  body 
retires  from  it.  When  we  can  compute  these  areas  we 
obtain  the  velocities  (see  No.  102.) 

We  are  now  in  a  condition  to  solve  the  chief  problem 
in  the  science  of  dynamics,  to  which  the  whole  of  it  is,  in 
•  gpreat  measure,  subservient    The  problem  is  this. 

Let  a  body  be  projected  with  a  known  velocity  from  a 
given  point  and  in  a  given  direction,  and  let  it  be  under 
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tlie  infiueDce  of  a  mechtmical  force»  whose  directioDt  in^ 
teiuity,  and  Tariation,  art  all  knowQi :  it  is  required  to  de* 
ftermine  its  path,  and  its  motion  in  this  fiath,  for  any  given 
time? 

184.  This  problem  is  susceptible  of  three  distinct  classes 
of  conditions^  which  require  a  different  inyestigation. 

1.  The  force  may  act  in  one  constant  direction ;  that 
^  in  parallel  lines. 

2.  The  force  may  be  always  directed  to  a  fixed  point 

3.  It  may  be  directed  to  a  point  which  is  continually 
ehanging  its  place* 

iMy  When  the  forc^  acts  in  parallel  lines,  the  problem  is 
aolTed  by  compounding  the  rectilineal  accdf  rated  motion 
which  the  force  would  produce  in  its  own  direction  with 
the  uniform  motion  which  the-  projection  alone  would 
hare  produced.  The  motion  must  be  curviiineal,  when 
the  accelerating 'force  is  transverse^  in  any  degree  what* 
ever,  to  the  projectile  motion ;  and  the  curvilineal  path 
must  be  concavcj^on  that  side  to  which  the  deflecting  force 
tends  ;  for  the  force  is  supposed  to  act  incessantly.  The 
pUce  of  the  body  will  be  bad  for  any  time,  by  finding 
where  the  body  would  have  been  at  the  end  of  tliat  time 
by  each  force  acting  alone,  and  by  completing  the  paral- 
Ieii^rani4  Thus,  suppose  a  body  projected  along  AB 
(fig.  20.)  while  it  is  continually  acted  on  by  a  force  whose 
direction  is  AD«  Let  D  and  B  be  the  places  where  the 
body  would  be  at  the  end  of  a'  given  time;  Then  the 
body  will,  al  the  e&d  of  that  time,  be  in  F,  the  oppo- 
site angle  of  the  parallelogram  ABFD.  But  it  has  not 
described  the  diagonal  AF,  because  its  motion  has  been 
enrvilineal,  as  we  shall  find  by  determining  its  place  at 
other  instants  of  this  time. 

The  velocity  in  any  point  F  is  found  by  first  determin* 
ing^e  velocity  at  D,  and  making  DT  to  DF  as  the  ve- 
tocity  at  D  to  the.  velocity  at  B  (that  is,  the  velocity  of 
projection^   because  the  motion  along  AB  is  uniforoi.) 
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Then  draw  TP.  Th^  AB  is  to  TF  al  tl(*  tjotostant  ve^ 
Idcitjr  <rf'  jDrojecttoti  to  the  VelocHrjr  at  F.  W6  bave  seen 
Idreadjb  (No.  lll&^ll  9.)  th&t  TF  in  a  hmgiefftt(to  thecntvt 
in  F.  Hence  we  may  determine  the  velocity  at  F  m  an^ 
6ifaer  Way.  Having  detemtified  th^  form  df  th^  path  in 
the  way  already  Ascribed,  by  finding  its  difi^ent  poihts', 
^W  the  tangent  F  dy  ctiCtii^g  th^  line  DA  in  d.  Then 
the  velocity  at  A  is  to  that  at  F  as  AB  to  d  F.  Heno^ 
also  W^  «e«9  thdt  the  veiocittifts  ift  ^rery  pohit  of  the  curve 
are  pi^opOrtionafl  to  the  portion  of  the  tangents  at  those 
points  which  are  intercepted  between  My  ti^o  lines  paMk 
lei  to  AD. 

Either  of  diem  riiethod^  fot  as^iertaittitig  the  velodty;, 
In  this  <fase  of  parttlM  deflections,  will  {fa  general  hk 
itasier  than  the  general  i)Mthod  in  No.  121.  by  the  eqtir- 
«urve  circlet 

it  Was  thtis  that  GMileo  dis<:over^  the  parabolic  mo- 
,tion  of  heavy  bodies.  ' 

2i.  We  tritist  consider  the  tiidtiohs  bf  Kodi^  fitfi^ctea 
by  centripetal  of  centrifugal  forces,  alwap  tendifig  td 
cne  fixed  point.  This  is  the  ^celebrated  inetnt  prabtem  t^ 
centripetal  Jbrtesy  and  is  the  42d  proposition  of  the  first 
book  of  Newton^s  Ptindpia.  We  shall  give  the  solutioh 
after  the  mlinner  of  its  llhistriotis  author ;  because  it  is 
elemeiltary,  in  the  pureM  sense  of  the  Word,  keeping  in 
vi^w  the  two  leading  ciltumstantes,  ahd  these  only,  name^ 
ly,  the  motion  of  approach  and  tecess  from  the  'centre^ 
and  the  motion  of  revolution.  By  tffis  judicious  process^ 
it  becomes  a  pattern  by  which  more  refined,  and,  in 
Mfme  respects,  better  solutions  should  be  modelled.  At 
the  same  time  we  shall  supply  some  steps  of  the  in* 
▼estigation  which  his  elegant  condiseness  has  made  hiih 
omit 

125.  Let  a  body^  which  tends  to  C  (fig.  24)  with  a 
force  proportional  to  the  otdinates  of  the  exponent  BLFG> 
-having  the  axis  CA,  be  projected  from  V  in  the  directiohi 
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gwnXm  to  il  by  awkmlii»g  k  alopg  AV«  It  b  NqM'v«A 
to  determine  the  path  or  orbit  VIS  oC  %)m  WdjN  «U  ^ 
plNMluilbitwliit,  altkci«iil€Ctb%wigMitim«T? 

W^.  AbMjkOit  cevlrt  C  ^llh  the  diglaiMMtGV  wil 
CU4Q»rifetb<idMk«YViMtia  Draw  CIX  tatU 
dmnnrereDce,  and  draw  the  ordinate  DP  of  tke  M|MM«| 
of  forcoi^  pfodvcing  it  V>ward  ^^  and  pifo^oce  the  oirdi- 
Dale  VL  toward  a.  Let  V  ^  be  the  distance  to  which  the 
Mr  wflttU  go  akM^pth*  tangent  VQ  IB  the  tiimT,  aa^ 
jmm  i  C  Let  thb  ht  anf^ioaed  dono  for  evarj  pmnt  of 
the  curve.  Let  at  Aaad  «jrj^  be  two  cor^^aa  so  talatad 
to  the  cilrve  VIK»  that  the  ordinate  JXg  euts  oflf  an  sffi^ 
\a  i  D  equal  to  the  orbital  sector  VCI,  and  an  area  V  a  xD 
•qoal  ta  tbe  eittular  sootor  VOX. 

Xben,.  becaasa  tho  TtkKHjr  of  pnjeotion  la  gh^  th« 
jistapai  Y  t  i%  kMWil,  ajitf  tli9  are»  cxT  %h^  ^mgk  VC  (I 
Sttt  tbif  is  eqwl  tQ  thf  mtk  VQh  Iff  t^  Mw9  of  ft»tl«l 
foriw  (N<»^  Ud)  ThmftM  th^  vw  YtiX>  it  giTen^ 
AUo,  b^i^^iiM  tba  i^rt^  VCI  iiwrtaiw.in  tkt  profMrttoii  of 
the  tifftf »  tbf  wrw  V  «  j  D  iMr^^ats  nt  t)i«  n^p«  t at^ 
TharafQrei  bav^g  th^sr  mbiidlMjr  «iirv^  4 1  ^»  4«  JK  tkt 
^blefp  if  ^olvfd  a»  f^iWws  \ 

Pntw  m  Qf^matt  D h  wUing  off  m  ^rm  V  aiD  pro* 

portionul  U^  Ui«  jim^^  Hn^  ^l^rlho  a  c^pcl©  OIH*  Th^ 
draw  a  line  CX,  cutting  f if  ^  s«^ar  VCX»  equal  to  the 
area  Y  a  x  D  cut  off*  by  U19  opdin^tf  P^^  Vbis  line  w^ 
cot  the  circle  D}1  ii|  (lie  poipl  ],  whiab  U  tbe  point  of 
the  orbit  that  was  demaiidfd. 

But  the  nhi^  4li&VMltj  of  tbf  piHrt»l?fa  fqpsists  in  th< 
description  of  (hf  two  SMbvdinrX  Wf^^^ik  wA  #*J^» 
ipto  wliich  tbt  Iiii<v  VIK  ftud  VXY  tm  tnipsfenned. 
We  attain  this  construction  by  re^oWfxigthaipQtioqintbt 
|r«li  f f  tb#  oirbit  i«t6i  (w^  iPOtion?^  m9  of  wbi«b  M  in 
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the  direction  of  the  tranis verse  force,  or  of  the  radius  vec- 
tor, and  the  other  is  in  the  direction  of  revolution,  or 
perpendicular  to  tbe  radius. 

Let  V  k  and  IK  be  two  very  small  arches  described  in 
equal  moments,  and  therefore  ultimately  in  the  ratio  of 
the  velocities  in  V  and  I  (No.  73.)  Describe  the  drde 
KE,  cuUing  IC  in  N.  Draw  E^  and  A:  C,  and  ibn  per- 
pendicular to  VC. 

The  element  ICK  of  the  prbit  is  =: 5 ,  or  to 

i  IC  X  KN.  This  is  equal'  to  the  element  D  t  it  £  of  the 
area  V  a  t  D,  or  to  D  t  x  DE,  orto  DixIN.  There- 
fore IN  :  KN  =  i  IC  :  D  i;  or  2  IN  :  KN  =  IC  :  D  t, 
o«-in-      ICxKN 

Now  let  A  Ifg  be  the  exponent  of  the  velocities,  that  U 
(N^  86.),  kt  V/*  be  to  D/«  as  ABLV  to  ABFD,  or 
V / :  D/=  /ABLV  :  VA3FJ).  Make  V©  and  It  in 
the  tangents  respectively  equal  to  V  /  and  D^T  Draw  v  u 
and  to  perpendicular  to  VC  and  IC,  and  v  m  perpendicular 
'to  EV  produced.  Let  mrz  be  an  equilateral  hyperbola, 
having  VC,  ZC,  fbr  its  asymptotes,  and  cutting  FD  pr9- 
duced  in  r.  Then  the  ordinates  V  m,  D  r,  are  inversely 
proportional  to  CV,  CD,  or  VHi :  Dr  =  CD  :  CV,  = 
CI :  CV.  But  becaiise  the  momentary  sectors  VC  k  and 
ICK  are  equal,  Arn  :  KN  =  CI  t  CV.     Therefore, 

Vm:Dr=:frn:KN 
but  V©  •  Vni  =  V*:** 

and  If  (orD/)j  V©  =  IK:  Vit 

therefore      1 1 :  D  r  =  IK  :  KN 
but  1 1 :  t  p  =  IK  :  KN,  by  similar  triangles. 

Therefore  D  r  =  f  o,  and  i  o  :  V  m  =  VC  i  CI. 

Also,  by  similarity  of  triangles,  I  0  :  to  =  IN  :  KN, 
and  2  I  o  :  to  =:  2 IN  :  KN. 

Now  it  was  shewn,  that  in  order  that  the  space  D  t  Ar  E 
may  be  equal  to  the  space  ICK,  we  must  have 
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«IN:KNr=IC:D£ 
dr  SI<»:  to  =  IC  tDi 

but  to:  Vjii  =  VC:IC 

thef«fer«8Ios  Vmzt\Ctl>i 

Haviiig  obUuned  D t,  t^  easily  gM  Djc;  Ibr  the  ulti« 
mate  ratio  of  ICK  to  XCY  is  that  of  IC>  tO  YC^  There- 
fore make 

lC*:VC*  =  Di:Dx. 

Thus  are  the  points  of  the  two  subsidLiry  curves  a  i  k^ 
axjr»  determinec). 

The  rectangle  VCxV  m  is  a  cdnsUat  magnitude;  AAd  is 
HiTea  becatt^  VC  is  giTen^  and  V  itt  is  tbe  ghren  velocity 
Y  4  fUmioished  in  the  ratio  of  radins  to  the  une  of  the 
gireo  angle  CVQ. 

Bat  the  line  2 1  o  ia  of  Tariabte  magtiitude,  but  it  is  kko 
giren,  by  means  of  known  quantities.  I  o*  b  =  1 1^  —  t  o% 
=:  D/»  —  D  r«,  and  I  o  =  /D/«  — t)r*.  Moreover^ 
Dp  =  ABFD,  and  D  r»  =  ^^^Lf^^.       Therefore 

ABFD  -J 1^5 ,  expressed  m  kn^wn 

quantities,  because  ABFD  is  known  fr^m  the  nature  of 
Uie  centripetal  force. 

Let  the  indeterminate  dista^ice  CI  or  CD  be  s  «>  and 
let  the  ordinate  DF^  expressing  the  force^  be  y.  Let  VC 
be  a,  and  V  m  be  c,  and  let  a  6  be  a  rectangle  equal  to  the 
whole  area  of  the  exponent  of  forces  lying  between  the  or- 

dmate  AB  and  the  ordinate  CZ»  so  that  a  b  --/V  ^   ^^7 
rqiresent  tbe  iodeteitiinate  iu'ea  ABFD; 
WebavcDf=  ''^ 


2Io  =  2j 


aadD*=  "  " 


Zx'Jah^fyk' 


o"  c» 
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Bbmark,  We  have  hitherto  sdppDsecl  that  the  Telocitj 
of  projection  is  acquired  hj  aoceleratioa  along  AY.  But 
this  was  merely  for  greater  siaipiidty  of  argument,  and 
that  the  final  values  of  D  f  and  D  j^  might  be  easier  con- 
ceived. In  whatever  way  the  velocity  is  acquired,  it  will 
still  be  true,  that  when  in  any  point  Y  we  make  Y  /  to  Y  m ' 
as  the  momentary  increment  Vk  of  the  arch  is  to  the ' 
perpendicular  An  on  the  radius  vector,  we  shall  have  in- 
every  other  point,  such  as  I,  the  line  D/  to  the  line  D  r- 
as  the  increment  IK  of  the  arch  to  KN.  And  in  the  final 

equation D/ will  still  b^  expressed  by  V^ab  — /yi, 

18&  C^r.  K  The  angle  which  the  path  <rf  the  profcctile 

makei  with  the  nidius  vector  ia  determined  by  thii  aolu^^ 

tioA ;  for  1 1  is  to  le  as  radius  to  the  sine  of  thia  angles 

ac 
which  sine  is  therefore  = 


z^ir:^ 


■/>■ 


187.  Cpr.  2.   When  the  magnitada.  ^  is  equal  lo 


^  ah'-^  Tyx^ihe  path  is  peipendicular  to  the  radius  vei> 

tor,  and  the  body  is  a  tone  of  the  apsides  of  its  orbit,  and 

begins  to  recede  from  the  centre  after  having  approached 

to  it,  or  begins  to  approach  after  having  receded. 

18S.  Cw.  3*  The  curvature  of  the  orbit  YIK  is  also 

determined  in  every  point ;  for  the  curvatnre  of  any  line 

is  inversely  as  the  radius  of  the  equicurve  cii<cle,  and  this 

is  to  the  diord  which  passes  through  C  as  radios  to  the 

sine  of  tfa6  angle  CI  t.    Because  the  vebcity  in  any  point 

I  isrs^ABFD,  and  is  equal  to  what  the  centripetal  foroe 

at  I  would  produce,  by  impelling  the  body  along  ^thof  the 

deflective  chord  of  the  equicurve  circle,  we  have  this  chord 

ABFD 
=  4     y.^    *    Or  we  obtain  it  by  taking  a  third  propor- 

tional  to  the  momentary  deflection  and  the  momentarj 
ai'ch  of  the  curve^  or  by  other  processes  of  the  ^higher 
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gMoieCrf ,  aU  frMeedUag  on  tht  qoaatitiit  hmifbed  im 
tlus  ioreitigation* 

12».  Siidi  it  the  Mhition  of  Ifcia  ^tMiniUd  problen 
given  bf  Ncwtett,  «rho  mmj  jmMy  be  ciUadl  the  iavestor 
of  the  aeieMe  of  whteh  it  is  the  chief  reedt,  aa  well  m  of 
the  geometry,  by  belp  of  which  it  u  peaceeated.  We 
tmaot  give  this  giorj  to  Galiieo;  for  hk  aioiple  problem 
ef  the  motion  of  bodies  effiected  bj  uaifbrai  end  penikl 
gravity,  however  j«st  ead  elegejit  his  sointioft  may  be» 
was  pecvKor;  aad  the  same  must  be  said  of  Hayg^eos^ 
doetriM  of  eentrifagal  forces.  Besides,  thaie  theorems 
had  been  investigated  by  Newton  sereral  years  before,  as 
eoralhwfes  which  he  coold  not  pass  unnotioed,  from  his 
general  method    This  is  proved  hf  letters  from  Hoyghens. 

190.  Wliether  we  consider  this  problem  as  a  piece  of 
mere  matbematkal  specatatioa,  or  attend  to  its  oonso* 
^pences,  which  iftchide  the  whole  of  the  celestial  mottoos 
b  ail  their  extent  aad  complication,  we  must  allow  it  to 
he  highly  interesting,  and  Kkely  to  engage  much  attention 
in  the  pmod  of  ardeot  inquiry  which  closed  the  last  ceiw 
tmy.  Accordingly,  it  was  no  sooner  known,  by  the  pnbli- 
mtionof  the  Mmikemaikd  Pr4n$ipk9  ofMaiwrul  PkiU§apijf 
in  I486,  than  it  occupied  the  talents  of  the  most  eminent 
mathematickms ;  and  many  solutions  were  published,  iom0 
of  which  diAer  tensideroMy  from  Newtoa'is;  some  are 
more  expeditious,  and  better  fitted  for  computation.  Of 
'these,  the  most  reaMrhnhlefer  originality  and  ingenuity 
are  those  ef  de  Mcivre^  Hermann,  Keill,  and  l^ewart. 
The  fast  diflfers  mast  ftoln  the  methods  pursued  by  others. 
M *LaunnlB  propositions  on  this  subject,  and  in  that  part 
of  his  fluxions  wfrich  treats  of  cutratufe,  are  highly  ts- 
loaUe,.  classing  the  chief  nffeetions  of  curvilineal  motions 
geometrically,  as  they  ere  suggested  by  Che  floxionaiy 
method ;  and  diea  rfiewing,  in  a  very  instructire  manner, 
the  connectiuin  hretween  these  mathematical  affections  of 
motion  and  the  powers  of  neture  which  produce  theni. 
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This  part  of  his  e:se^ei|t  work  la  a  fine  ezlsmple  of  Ibt 
real  nature  of  all  inquiries  in  dynamics ;  shewing  tliat  i( 
difiers  froiii  geomelry  little  more  than  in  the  langu^kge,  in 
which  the  vrotd  forct  is  substituted  for  <icef/<raltoii,  rHar-? 
datum^  or  dcjkdum.*  We  recomniiend  the  car^uI  penisal 
of  these  propositions  to  all  who  wish  tp  h^ve  clear  con* 
<ceptions  of  the  subjea.  Dx  John  EeiU  and  Or  Donley 
(bishop  of  Rochester)  have  given  particul^  treatises  on  the 
pciotiens  of  bodies  deflected  by  centripetal  forces  iprerseij 
proportional  to  the  cnhies  of  the  distances ;  induced  by  the 
singular  motions,  which  result  fronx  this  law  of  action,  and 
the  multitude  of  beautiful  proppaitiop{&  whidt  they  auggest  t^ 
the  matheinatician.  Newton^  indeed,  first  perceived  botk 
of  the^e  pectiltaritiesy  and  has.  begun  this  branch  of  th^ 
general  proUeaa.  He  first  Remonstrated  the  description 
of  the  logarithmic  and  hyperbolic  spirals,  and  indicated  ^ 
variety  of  curious  recurring  elliptical  spirals,  whi^h  would 
he  described  by  n^ans  of  this  force,  and  shewii^  that 
thgr  are  all  susceptible  of  accurate  quadrature.  Several 
of  those  authors  aifect  to  consider  their  solutions  as.  morfe 
perfect  than  Newton'^s,  and  as  more  in^me^ately  indicating 
the  retdiarkabie  properties  of  suph  motions ;  a^d  ako  af* 
feet  ta  have  deduced  them  from  difiereiit  and  (Mriginal 
principles^  3vt  we  cannot  help  spying,  that  their  claims 
ta  superiority  are  very  Ul  founded;  there  is  not-s  prin* 
ciple  made  use  of  in  their  aulutioAs  which  was  not  pointed 
out  by  Newton,  and  eioployed  by  him.  The  appearanoe 
of  originality  arises  from  thw  k^i^g  tak^n  a  more  parti- 
cular coocern  in  some  geuerai  property  of  curvilineal  mo- 
tions ;  su^  as  the  curvature,^  the  centrifugaJ'  forpCt  kc. 
and  the  making  that  th^  leadii^  step  ol*  their  process. 
•  Bi|t  iNewton^s.ia  stiy  the  best;  because  it  is  strictly  el^ 
^•mentary,  ain^ii^  <t  the  two  Reading  circumstances^  the 
motion  to  or  fvotn  the  centre,  and  the  motiS^  of  revolvr 
tion  round  that  centre.  To  these  two  purposes  he  adspj:-: 
ed  his  two  subsidiary  curves. 
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131.  Is  it  not  smprising,  that  35  jean  after  tlie  publica* 
tioD  of  Newton^s  Primeifia^  a  mathematician  on  the 
continent  should  publish  a  solution  in  the  Memoirs  of 
the  French  Academj,  and  hoast  that  he  had  given  the 
first  demonstration  of  it  ?  Yet  John  Bernoulli  did  this 
in  ITIO.  Is  it,  not  more  remarkable  that  this  should 
be  predaelj  the  solution  given  bj  Newton,  beginning 
from  the  same  theorem,  the  40th»  I.  Prin.  following  New- 
ton in  every  step,  and  usmg  the  same  subsidiary  lines  ? 
Yet  so  it  is.    Bernoulli  actually  reduces  the  whole  to 

ae 

two  functions ;  namely,    /  ab—jTfs^^ — ^i —  and 

= ;  which  last  is  plainly  the 


jab  jr*—  r^  «*x— aVjB« 

sasM  with  Newton's  A^y^  aBDF  — Z**  ''*^"**  ^®^- 

ton's  ?.  is  the  same  withifandNewton'sAVABFD— Z« 
A  X 

is  the  same  with  x^l  a  *--/*^  jr— .gg  c*,  which Bemoul* 


*" 


«  r« 


C"  X" 


]]  has  changed  into    /  a*«*  '^S^  **  *  —  ** 

Bernoulli's  chief  boast  in  this  dissertation  is,  that  nmo 
philosophers  may  be  assured  that  the  planets  will  always 
describe  conic  sections ;  a  truth  of  which  they  had  not  as 
yet  received  luiy  proof;  because,  says  he,  Newton's  argu- 
ment  for  H  in  the  corollary  of  the  13th  proposition  is  in- 
cottdttsive,  and  because  he  had  not  b^n  able  to  accommo- 
date his  demonstration  of  the  41st  and  42d  proposition  to 
the  particular  case  of  the  planetary  gravitation.  New- 
ton's demonstration  in  the  corollary  of  the  13th  proposi- 
tion is  just,  founded  on  the  principle  on  which  the  very  de- 
monstration of  the  42d,  adopted  by  Bernoullii  proceeds, 
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eiiyi  'tfffctibi^  teid  icettiriplstai  fofDe»  turn  4tocrike  Qo-olber 
l^n  4imn  mk^  lit  i^ilf  Askctilms.  Ntmi^a  did  iK*  ae- 
«MioMdal^  die  AtiNMlratftWkitir  the  401  |MKq>o«itDn  t* 
(be  lAanMttrj  iliDtaMa,  beetast  iie  ked  alretdy  dcuioa^ 
•IvMei  <tbe  iMi^re  «r  ifafeir  wbiU  <  but  mftitioift  .fcbe  Y»e 
of  «f(oivfe  <pt1i|K)rtiMal  te  Ike  ttdfmod  of  ihevtbetdT 
fbe^istewj^fr  trot  m  «  deducftmi  finom  tbt  4M)  bal  h»» 
ctuae  it «»  imi «  dMwclibii  ftwa  i|»  «mi  ^miiled'of«  vierf 
singular  and  beautiM  investigation  by  methods  totally  and 
essentially  djiSerent 

iSt.  It  tennol  l!>e  tepettiNl  ibat  'wt  can  proceed  to 
consider  the  various  departments  of  this  eelebrated  pro- 
blem. V^t  Mre  tmly  gMng  the  outTmes  oT  tlie  general 
doctrines  of  dynamics ;  and  we  liave  bestoW6d  more  tittie 
on  those  whiph  are  purely  elementary  than  some  readen^ 
ttiiff  tWfft:  llfcfey  leserve.  We  were  *b5*wis  to  ^he  jwft 
conreptiops  of  the  funda^iental  principles  of  dynamics; 
liecau^  ^e  fcnotv  tliwt  trcidiiftg  tSwe  ican  -entSlUe  ft  totlrfe 
name  of  a  demonstrartfre  science,  and  because  we  se^ 
«f«i4i  tedMwDtness  send  imeertdl«ty^  and  ^  ffemmfl  t^guB- 
ness  or  want  of  precision,  in  several  elementary  works 
which  are  put  into  the  hands  of  persons  entering  on  th^ 
study.  This  leads  to  trrors  of  iMte  consequence  tliaa 
'h  perseii  i^  apt  ^  iMirtc ;  bettoHs^  they  wfftdt  <oiir  lead- 
]fti<g  tiieu^ts^  tuerfi^nftste  itsdf;  maA  our  iMtttoAs of  die 
ititimdte  tiaitwe  ^f  1%e  viiiMe  unirM^se. 

l^S.  MMy  yety  ^g^nerd  *dMxriuBS  tf  tiynarnhfi  wnmlti 
tmtoui^ed^  ftfM,  mmstiy,  that  fttmete  the  iret^^e  wt^ 
Xi^ti  a  rigM  ^dies,  atii  ^  thA  Mlaite  ^tn  •ibe  nuiMial 
adiM  "Hf  ladies  dn  %ach  mhelr  in  Ike  ir«f  4ff  ^mpvite. 
lliese  Wlg^dtb  Will  >b^  iWMuMi  k  Molh^  fMttef  iMs 

}Mtfvi4nistaMiiig  tfvei^  *ettiteiditty  we  wctfM  ^t^m^ii^ 
IBM  «b  eew  {wiaciple  vemAtku  'to  be  >co«isUei«d.    We 
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tiMi4lMt  «cc«»  ki  tlie  «MB  «lDitt«d,  winch  cwpit  ^ 
iiiillim/  mMmti  bjr  nem  «r  tin  imNMtan  4, 
nrnij  MtMykpi.    W«  hswt  teagfat  Imw  to  diMotlr  tiM 

!  aad  mgtMtf  «t  *  aidnHical  fanc^  lo  vmmtm 
it,  «nd  Ihtaln  *M»  iHait  «nill*  iii 

electa,  w>iii*ag  to  lie  ii>i<prtwnw  «tf  Hit 


U 


b^iimitrmiy  mmm^out  )mifm  motim 
hfmi  mfa$k  wuts^mn  of  thm  mlitr  Oft 
Ifaefint;  in  ihtoffotibtdmctmm;  tMit,  toesfMrnsit 
■I  the  J— gMiy  of  MljwMiini,  ^  all  the  |ilmiiuMi  wiifeh 
M  infv  tbH  Hm  haif  A  fMe«3«i  «  <tiw  hf 
itKhmgcB  the  flMticA  of  fk^hvij  B,  dM«r»  nl 
IfeMinetiiiie,  tlnit  B  piMgiBi  m  <hiQ»  %  wbkh  it 
^  iukei  an  eqad  ni  «VpMfee  altemtiep ia^  viotioii 
*^  oF  A."*  Tiik»  iMwaner^  if  asia doMue  «r  abiliae( 
^jmmaMi  it  dees  Mt  Kkar  fran  oaridtaaffme^  Ikem* 
hreit^wmpni  tndiMtcfl|  in  atr  btaif  ttm  laiai  or  mi^ 
ai^x.  a  ka|art  af  Ae  «i«ikMiia4  hUb&ifj  of  BKftan^ 
9Mt  aft  Itekar  of  maaend  franiMiM  ai^  majl  il  laigfal  Iba 
called  tbeiaa  «f  i7«viaa«.  asMaMtii.  JNaatM|:kas,n9«: 
mffgAewMm^  Jkvn^tl^mtk  km  .aonmloawl  iogieal  iiecti« 

ihatmadtim  is  alirft|«  tqari  and  lOMttiaty  to  «0tiiMk  It 
b  a  ifrf^aioal  Anf)  ia  ai  tfear  at  it  u  tthanmt  to  obtiin 
4ka^^  dbe  ivhole  aatataT <he  wiar  tyiMii.  9^  New- 
toa  ktuMolficlidM^  in  live  aikseqiical  pn(<*df  his  amki^ 
teat  it  as  a  ihgirnl  oaioai;  tiMt  m^  as  a  bwof  hoanNi 
tfaoQflit  witli  ffaapaet  <o  Aoibii::  for  lie  kbaars  loprove» 
li^^aHdadernHitioa^  elMt  «t  r«dkf  afbtaht  (bpoagh  Ae 
irMecxiatA  of  >Aa  aokir  syiHuw;  aad  It  is  <ki  tiiia  disoo* 
•voy  that  Us  aftirf  chaai  ^ta  oMqaailod  peaotaafioft  aad 


135.  Availing  ourselves  of  this  fact^  we,  with  very  little 
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troujble,  state  all  the  laws  of  impfi^ion.  l%e  body  A, 
for  example,  moving  to  tbe  westward  at  the  rate  of  eig^ 
feet  per  noinate,  overtakes  the  double  bodjr  B,  moviiig  at 
the  rate  of  four  feet  per  minute.  What  must  be  the  COO"^ 
sequence  of  their  mutual  impenetrability,  and  of  the  eqoa^ 
lity  and  contrariety  of  action  and  reaction  P  Their  mo* 
tions  must  be  such  that  both  sustain  equal  and'Oppoeitcf 
changes.  They  must  give,  in  some  way  or  other,  thU 
indication  of  possessing  equal  and  opposite  forces.  This 
will  be  the  case  if,  whra  the  changes  are  comfdeted,  A 
and  B  move  on  in  contact  at  the  rate  of  four  feet  per 
minute :  for  here  A  has  produced  in  each  half  of  B  a 
change  of  motion  two ;  and  therefcsre  a  totality  of  change 
equal  to  four.  Thb  is  the  effect^  the  mark,  the  measure, 
of  the  impulsivt  £oroe  of  A ;  for  it  is  the  whole  impidmmc 
B  has  produced  in  A  a  change  of  motion  four,  equal  to 
the  fonnery  and  in  the  Of^site  direction.  This  is  the 
effect,  mark,  and  measure,  of  the  rqmhivi  force  of  A ; 
for  it  is  the  .whole  refnUitm.  And  this  is  all  that  we  ob^ 
serve 'in  tho  coUisUm  of  two.  lumps  of  d^r;  and  theolw 
.servalioQ  is  one  cf  the  facts  on  which  the  reality  of  the 
physical  law. of  equal  action  and  reaction  is  founded :  and 
we  caigt  miJi^e  nOffarther  inference  from  thU  fiict 

But  the  event  might  have  been  very  different  A  and 
B  may  be  two  magnets  ^floating  on  corks  upon  water,  with 
their  north  poles  fronting  eaclv  other.  We  know,  by 
other*  meaCns,  that  they  really  possess  forces  by  irhichthey 
equally  repel  each,  other.  The  dynamical  principles  al- 
ready established  tell  us  also  what  must  happen  in  this 
.case.  That  both  conditions  of  equal  reaction  and  senst- 
ble  repulsion  may  be  fulfilled,  A  must  come  to  rest,  and 
B  must  move  jCorward  at  the  rate  of  four  feet  per  minute. 
.  The  same  thing  must  happen  in- the  meeting  of  perfectly 
elastic  bodies,  such  as  billtardballs. ,  If  elastics  are  known 
to  be  imperfect  in  any  degree,  our  dynamical  principles 


Digitized  by  VjOOQIC 


BYHAMiCSf  15S 

wiB  sUH  state  tlpe  eftct  of  tlieir  coUuion,  in  cooformitj 
to  the  law  of  equal  reactioo. 

136.  Iji  like  manQer,  all  the  motions  of  rotation  are 
explained  or  furedicted  by  means  of  the  same  priociples  of 
^namica  applied  (o  the  foroe  of  cohesion.  This  is  oon- 
sidered  as  a  moviag  ibroe,  because,  when  the  attraction 
of  a  magnet  acts  op  a  bit  of  iron  attached  to  one  end  of 
a  long  lath  floating  op  water,  the  whole  lath  is  moved,  al- 
though  the  magnet  does  not  act  on  it  at  all :  some  other 
force  acta  on  it ;  it  i^  its  cohesion ;  which  is  therefore  a 
BDoring  force,  and  the  subject  of  dynamical  diicassioQ. 

137.  And  thas  it  appears  that  these  sulgects  dp  not 
oome  necessarily,  nor,  perhaps,  with  scientific  propriety^ 
ander  the  categxHry  of  dynamics,  but  are  parts  of  the  me- 
chanical history  of  nature.    Yet,  did  a  work  like  ours 
gi?e  room  in  thb  place,  the  study  of  mechanical  nature 
nught  be  considerably  improved,  by  giving  a  system  of 
such  general  doctrines  as  involve  n6  other  noticms  but  those 
of  force  and  its  measures,  and  the  hypothesis  of  equal  re- 
action.   Some  very  general,  nay  universal,  consequences 
of  this  combination  migh^  b^  e^taUishedi  irhich  would 
greatly  assist  the  me^hapi^iau  in  the  solution  of  difficult 
aod  complicated  problems.    Skich  is  the  proposition,  that 
ih  mniaal  adum^  ^f  hofiiu  depend  om  tMr  relative  molione 
mfy^  and 'require  no  kuiwledge  of  iieir  real  motions.    This 
principle  strnj^es  ifi  a  wonderful  manner  the  most  di£^ 
cttlt  and  the  most,  frequent  cas^  oC  action  which  nature 
presents  to  our  view ;  but  at  the  saine  time  gives  a  severe 
blow  to  humatf  vanity,  by  forcing  us  to  acknowledge  that 
we  know  nothing  of  the  real  motion  of  any  thing  in  the 
universe,  and  never  shall  know  any  thing  of  it,  till  our 
iatelloctual  constitution,  or  our  of^Hirtunities^  of  observa* 
tion,  as e  i^mpletely  changed. 

138.  M.  B^Alembert  has  made  this  principle  still  more 
aenrnseable  for  extricating  ours^ves  from  the  immense 
omiplicAtion  of  actions  thyst  occurs  in  all  the  spontaneous 
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]|^httiom«Mi  «f  B^re,  by  preaetitiftg^  U  to  «s  ia  ft  JKffisiu 
ent  form,  which  more  distinctly  expresses  what  may  be 
^aHed  the  f fanmte  of  tb^  actions  of  bodies  on  enah  other, 
tlis  proposition  )s  as  feilows  («0e  hm  IMfwmifu^  p.  TSv)  : 

^  Iq  fHmterer  mamier  n  number  of  bodtos  change  tbei^ 
motions,  if  vre  suppose  thai  the  notion  which  ench  foody 
wonM  bare  in  the  following  moment,  if  it  were  periectly 
free,  is  deoompoied  into  two  others,  one  of  wfaidh  is  tbr 
H90!(iion  wbich  it  really  triros  in  conaequenoe  of  their  mv* 
tual  n^ons,  the  nl%er  wiH  be  such,  that  if  each  body 
were  impressed  by  this  farce  alone  (that  is,  by  the  foraa 
wbScb  wmiM  prodnoe  thif  motion)  the  wbolo  system  of 
bodies  would  be  in  eqnilihrio.^ 

'  This  is  almost  aelf  eWdent :  for  if  tbeae  seoond  oonsti* 
tnent  forces  be  not  such  as  would  put  ttie  system  in  e^iii» 
libno,  the  edier  constituent  motions  could  not  be  tboue 
which  tbe  bodies  ^ntly  uke  by  tbe  mntiali  notion,  but 
WguM  be  changed  by  the  first, 

IViT  example,  let  there  be  three  bodiea  P,  Q^  R,  and 
let  the  forces  A,  B,  C,  act  on  them,  such  as  would  give 
them  tfie  TelocSticB  p,  q^  r,  in  any  dfawotions  whai* 
«rer,  p-odudng  tlie  flioinenta,  or  ^[uantitles  of  motioi^ 
^^JS^^ftHxr,  wbich  we  may  caH  A,  B,  C,  bocasse 
Aey  nre  the  proper  measures  of  1^  moving  force.  Let 
m  moreover  euppose,  IJbat,  by  atribiog  each  other,  ar  by 
being  any  how  connected  wMi  eadh  ^tberp  they  caunot 
iflire  these  motions  A»  B,  and  C,  but  realiy  tsike  the  mo- 
^ns  a,  i,  nod  c.  ft  ia  phnn  that  we  may  conceive  the 
tnction  A  impressed  an  the  lM>dy  P^  lo  be  composed*  of 
^fhe  motion  a,  which  il  really  talraB,  and  of  another  mo- 
tion K.  In  Kke  manner,  B  may  be  resotred  into  6,  wbiifi 
"It  takes,  ntodancther  ^;  and  C  mIo  c  and  «.  The  mo- 
tions will  be  the  same,  wbetfaer .  we  net  on  'P  with  Ae 
force  A,  or  with  the  tniro  forces  <k  aiid«;  wbether  we  act 
^on  ^  with  the  force  B)  m-wilh  Aand /i;  and  on  Rwtth 
Hhe  iforoe.C^  or  with  c  and  %    Now  by  Ibe  auppoaitian. 
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tktbodiciactiiaUf  take  tkeoMlMNU  0^2^ aiide;  tkac«ibrt. 
the  notions  n*^  and  •  miut  be  Mich  as  will  not  dwrwagt 
tbs  noUons  «^  b^  sod  € ;  that  is  to  saj,  that  if  the  bodies 
had  only  the  motions  «t^  and  «  impressed  on  theaa,  thej 
wonid  destroy  tacfa  other,  and  the  sjitem  wonU  remaia 
atrasC 

Mr  D^AIembert  has  applied  this  proposition  with  greet 
address  and  success  to  the  very  difficult  questions  that  oc« 
car  in  the  motions  and  actions  of  fluidst  and  many  other 
most  di£Bcult  problems,  such  as  the  precession  of  the  equi* 
noxes,  he.  The  cause  of  its  utility  is,  that  in  most  eases 
it  is  not  difficult  to  find  what  forces  will  put  a  system  in 
eqoilibrio ;  and  combining  these  with  the  known  extrsne- 
ovs  forces  whose  effects  we  are  interested  to  discover,  we 
obtain  the  motions  which  really  ^follow  the  mntual  action 
of  the  bodies. 

This  is  not,  properiy  speaking,  a  principle:  it  is  a 
form  in  which  a  general  fact  may  be  conceived  In  the 
same  way  the  celebrated  mathematician  De  la  Grange 
observed,  that  a  system  of  bodies,  acting  on  each  other 
in  any  way,  is  in  equilibrio,  if  there  be  impressied  on  its 
parts  forces  in  the  inverse  proportion  of  the  velocities 
which  each  body  takes  in  consequence  of  their  action  or 
connection;  and  he  expresses  this  universal  fact  by  a 
very  simple  formula ;  and,  calling  this  also  a  principle, 
he  solves  every  question  with  ease  and  neatness,  by  re- 
dscing  it  to  the  investigation  of  those  vdodties.  In  this 
way  he  has  written  a  complete  system  of  dynamics,  to 
which  he  gives  the  title  of  Meckanique  Analjftifuef  full  or 
the  most  ingenious  and  elegant  solutions  of  very  interest- 
ing and  difficult  problems ;  and  all  this  without  drawing 
a  line  or  figure,  but  accomplishing  the  whole  by  algebraic 
operations.  ^ 

139.  But  this  u  not  teaching  mechanical  philosophy  ;  it 
is  merely  employing  the  reader  in  algebraic  operations^  each 
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of  which  he  perfectly  understands  in  lU  qualitj  of  an  al 
gebraic  or  arithmetical  operation,  and  where  he  may^  Have 
the  fullest  conviction  of  the  justness  of  his  procedure. 
But  all  this  maj  be  (and,  in  the  bands  of  an  expert  alge 
bratst,  it  generally  is,)  without  any  notions,  distinct  or 
indistinct,  of  the  things,  or  the  processes  of  reasoning 
t&at  are-represented  hj  the  symbols  made  use  of. 
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OF  PROJECTILES, 


IIOTIOII   OF   aUBLUOART  B0DU8   IN   FRBB  BTACB. 


140.  In  the  pitHSten  of  our  erBmiaation  of  tbe  mottonft  ia 
the  solar  Njatem,  it  appears  that  terrestrial  gravity,  or  the 
lieanBess  of  ooomion  sublunary  bodies,  is  only  a  particular. 
case  of  the  nrntual  tendeniDy  of  all  matter  toiirards  all 
matter.  It  further  appears,  thai  a  body  on  the  surface  of 
our  fjidbt  gfBTitfltes  in  a  Ime  that  is  directed  very  nearly 
to  the  centre  of  tbe  rarth;  and  that  the  intensity  of  this 
gravitatiiHi  is  inTersely  proportional  to  the  square  of  its 
tKstance  firom  this  centre. 

'  JBo£es  let  fall,  or  projected  in  any  direction  on  the  sur* 
face^  this  earth,  more  under  the  influence  of  this  force, 
sod  their  motions  may  be  computed  firom  the  general 
doctrines  of  d3rnaniics  in  the  same  manner  as  we  computed 
the  motions  of  the  planets.  They  frill  either  fall  in  the 
dkeetion  of  ^vity,  or  wiH  rise  in  the  opposite  direction, 
or  will  describe  a  curve  line  concave  toward  the  earth, 
wludi  will  be  an  ellipsis,  parabolic,  hyperbolic,  or  a  circle,i 
aeeording  as  the  velocity  and  direction  of  the  projection 
may  have  been  combined*- 
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« 

But,  in  the  greatest  projections  tliat  we  e$n  make,  the 
force  of  gravity  is  so  nearly  the  same  in  e^eicj  point  of 
the  path,  that  we  may  suppose  it  to  be  accurately  so» 
without  any  sensible  error^  were  it  tep  times  greater  than 
it  is.  Therefore  in  all  disquisitions  abolit  projectiles,  it 
wvuld  be  useless  affectatidn  to  embarrass  ourselves  with 
the  variations.  None  of  our  projectiles  rise  a  mile  in  the 
air,  which  is  about  ^^^^  of  the  mean  radius  of  the  earthy 
and  will  occa^n  a  cSteinutibn  bf  gravity  nearly  equal  te 
l9iv«  A  quantity  altogether  ilisignifiiiatit 

For  the  satiie  reasons,  altbotigh  ihe  directions  of  gravit7 
in  the  different  points  of  the  projedtile^s  flight,  are  linea 
converging  nearly  to  the  centre  of  Ihe  earthy  we  may  con- 
Bider  them  as  all  parallel,  beeaoie  none  of  olir  projectilea 
fly  four  miles^  which  product  a  cbnvergency  of  nearfy  four 
minutes^  k  deviation  from  ptodltlism  which  needs  not  be 
regarded* 

La  geeerili  therafoM^  ^  May  ecmsiilar  ill  8«eh  prqiaq- 
tiles  as  ttodar  the  inftiHNice  of  equal  gnwity  actkig  ill  linea 
parallel  to  the  reitical  <Nr  plumb*liiie  dtawe  thnmgli  the 
pbce  of  projectidni  This  redoMs  ibe  thfioqr  of  prqiedilei 
to  a  great  degree  of  simiiUcity* 

Accordiaglyf  this  ia  the  first  departsMt  4tf  tHK^ianml 
philosophy  which  first  received  improvement  by  the  apptir 
cathm  of  mathematical  knpwle4|e.  We  ara  iedebtad  for 
this  fortunate  introduction  of  maUwmatioi  wto  the  dee^ 
trines  of  motkm^  to  the  celebratad  Florsntiiie  Gattieo 
GalikeL  This  excellent  philosopher  read  his  diseouisea  on 
local  motion,  about  the  beginning  of  the  17th  eaetmjv 
Those  lectures  eoataie  the  whole  of  this  doobrinei  nearly 
in  the  state  in  which  it  oosftinaed  till  about  the  asiddle  id 
last  century.  There  is  no  hraneh  of  oatiiral  phitosofdiy 
that  has  met  with  so  much  asslstaoce  and  anqottragmeetb 
it  haTiog  been  considered  in  all  nations  as  the  fowdatioii 
of  the  art  of  gunnery ;.  an  art  unfortunately  too  moch 
connected  with  the  security  of  eyeiy  natioQ«   It  has  thaM- 
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htm  Wm  patrdniicd  by  pviiMto  and  itiightfJUii  mo4t 
mAf  a4ablisIimeBU  Ymwk  kee^  iitde  for  lU  cutayatioii  ( 
Ike  ibdllimMilkfaiis  kave  otreii^  IfauM^IVti  iHth  ka 
fMbkM*,  and  more  minitrMs  and  expttlBiV^  rafannei 
ka««  btte  pOUltbM  oir  ibis  tlun  m  anf  otber  part  of 
Mcktf&ifeal  fdilloibpbf •  Y^  thare  n  aoM  iai  wbicli  tf^ 
Blila  InptoirMiaiit  baa  heati  madtc  OHlHao'a  laasoM  cok^ 
K*  ctary  tbiag  that  baa  been  doM  itt  ft  aaleniib:  way» 
tin  M.  RobiiM  Id  1749  gate  H  a  fortu  ahcig^tber  aie^r. 

141.  Wa  Aall  ftrat  cofinder  tba  perpendicular  as^dita 
aad  deaeehts  %f  baavy  bodiai ;  and  in  ihtf  next  plaae  thfti^ 
aarvUiBM  awtida  wben  proyA^tad  bi  diraatioQ*  daf  totib| 
iraaA  the  rertkaL 

148.  Tke  tDMioB  of  a  faHing  body  \i  mtMofvAy  aecele- 
ntM,  and  that  of  a  body  tbrown  straight  opirard,  is  uni* 
finaff  ratardad. 

Far  tbe  aceekratiBg  or  retarding  lorce  is  aoastalit,  a«d 
tbtrtfbre  tbe  aoaAiolia  are  aucb  aa  were  aoftsidef^d  \k 
wlielea  80,  Sk:. 

.  1481  AH  tbe  aharacterialiit  pkenoitieiia  of  tbMe  motion^ 
bamg  afa«ady  been  svfliciently  considered,  all  ihat  ii 
Wasted  for  tbe  appiicatioif  td  thia  okas  of  mecbanioal  phe^ 
aomeaa  ia  tnerely  on^  experimental  detertninatiov  of  tb* 
accderatire  power  of  graritj^,  that  ii,  tbe  velocity,  oT 
•aemnml  of  velocity  wUeb  gravity  will  generate  in  a 
liidy  hf  acting  oar  it  nnifomdy  during  some  given  time. 
flaKlen^  wbo^firA  denionatrated  that  an  invariable  gravky 
prodaee  a  ttniferimiy  accelerated  motidn,  was  also 
tbe  irit  who  appealed  to  experiment  in  all  in* 
We  ROW  think  lightly  of  thia,  and  womder  that  a 
Man-ahaM  tlrink  of  another  argmnent  who  baa  this  in  hia 
pnwer.  Bnt  wben  GMiko  began  to  connnmicate  hit 
knnwiadge  to  ite  world,  this  was  tbe  last  support  that  A 
(inloaopfcer  woadU  fiiink  of.   They  bad  received  a  parcel  of 

'  '    'from  tbaii*  master^  wUeb  bad  been  handed  down  in 


the  fehoak  dwrkog  nuiqr  iqjes ;  and  from  these  waa  every 
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ihing  aceomited  for  or  explained.  Aristode,  or  his  inime- 
diate  pupils,  had  said  that  the  velocities  of  fallbg  bodies  in- 
creased with  their  weights;  Galileo's  doctrine  was  incom- 
patible with  this,  and  he  thought  himself  obliged  to  uae 
arguments  in  his  support  He  said  that  if  Aristotlels 
doctrine  be  true,  two  crown  pieces  must  fall  faster  When 
sticking  together  than  when  unconnected,  which,  said  he» 
is  contrary  to  common  experience.  Not  doubting  that  hm 
had  convinced,  his  audience,  he  described  the  experiments 
which  he  was  to  exhibit  next  day^  shewidgthat  in  a  double 
time,  a  body  would  fall  four  times  as  far.  Sec.  The  expe* 
riments  were  performed  in  the  dome  of  the  gretat  churchy 
before  a  vast  concourse  of  people,  and  succeeded  most  per^ 
fectly.  Yet  ^  little  were  the  philosophers  moved  by  this 
kind  of  argument,  that  they  represented  Galileo  as  a  dan* 
gerous  person,  unfriendly  to  the  state,  and  he  was  obliged 
to  leave  his  native  city  in  a  few  days,  and  take  shdter  in 
Padua*  It  is  very  remarkable  that  Balianii  one  of  the 
first  geometers  and  mathematicians  of  that  age,  and  wh# 
perfectly  understood  Galileo's  speculations  on  this  silbjeett 
should  teach  another  doctrine^  reviving,  or  supporting  ail 
old  scholastic  assertion  that  the  velocity  of  a  falling  body 
might  be  as  the  space  fallen  through,  calling  this  motion 
also  a  uniformly  accelerated  motion. 

144k  Galileo  found  more  difficulty  than  one  should  ex- 
pect in  his  endeavours  to  obtain  an  exact  measure  of  the 
power  of  gravity,  and  indeed  could  not  obtain  one  that 
was  8atisfactt>ry*  But  the  difficulty  of  the  task,  and  his 
struggle  to  accomplish  it,  were  big  with  advantages  to 
science.  A  body  falls  so  fast»  that  a  considerable  error  in 
the  conclusion  arises  from  a  very  small  emnr  in  estimat- 
ing the  time;  and  the  great  difficulty  was  how  to  esti- 
mate the  time.  It  was  in  this  casting  about  for  a  meft- 
sure  of  a  small  portion  of  time  that  Galileo  first  thought 
of  the  pendulum.  His  penetrating  and  sagacious  nind 
enabled  him  to  see  that  there  must  be  a  fixed  proportion 
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beCwetti  Uie  time  of  a  ▼ibration  and  that  of  falling 
thhNigh  its  length,  although  his  mathematical  knowledge 
did  Bot  yet  enaMe  him  to  find  it  out ;  he  wr  an  immei* 
diata  eonseqnenct  of  tbii  if  tnie^  namelj,  that  the  vibn/^ 
tions  of  two  penduhmifl  should  be  in  the  sobdupliimte  ra- 
tio cf  the  lengths,  because  this  must  be  the  proportions 
of  the  times  of  falling  thrbugh  those  lengths  (&6.)  This 
he  would  trj ;  and  he  found  that  it  w^  so.  Delighted 
irith  this  success,  he  immediateiy  compared  the  time  cS 
fBBimg  from  the  top  of  the  great  dome  with  that  of  a 
pendulous  ▼ibration,  by  making  a  pendulum  of  such  a 
length  that  it  peformed  precisely  one  vibration  in  the  time 
of  the  fall  In  this  time,  the  body,  moving  with  the  final 
>eloeity,  would  describe  a  space  dduble  of  that  fallen 
througli.  He  then  counted  with  patience  the  number  of 
vHmtioos  made  by  his  pendulum  in  an  interval  of  time^ 
measured  by  the  transit  bf  two  stars.  Thus  he  obtained 
the  time,  and  the  velocity  generated  in  that  time  by  ihe 
uniform  action  of  gravity.  Galileo  made  this  to  be  about 
81  feet  of  our  meatore  in  a  second,  and  silid  that  it  was 
certainly  somewhat  niore;  beeatise  his  experiments  on 
Ming  bodies  convinced  him  that  their  motion  is  retarded 
hj  the  air. 

These  effbris  and  resources  of  ah  ingenious  mind  are 
worthy  of  record*  and  are  instructive  to  others.  But 
Galileo  did  not  attain  the  accuracy  in  this  measure  that 
we  DOW  possess.  The  honour  of  the  accurate  statement 
of  the  time  of  a  pendulous  oscillation,  and  that  of  the 
&11  through  its  length,  was  reserved  <br  Mr  Huyghens. 
liiis  proportion  was  determined  by  him  by  a  most  in- 
genious and  eiegant  pbysico-mathematical  process.  .  He 
also  gave  us  the  pendulum  clock,  by  which  time  can  be 
iiieitfured  with  as  much  accuraqr  tts  a  line  can  be  di« 
vided. 

Aided  I7  these  inventions,  we  have  now  obtained  the 
Bost  precise  measuio  of  the  accelerating  jfo^mn  of  gra- 
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▼ity ;  Slid  we  dot  now  eqr  thai  its  iatetettjr  is  s«eh  id 
the  lalitufle  of  LoiidoD,  iUat  bj  a^^ting  imiforailjxm  d 
liodf  for  one  eeoond  l»f  timfe,  it  genehites  in  it  the  tcIo^ 
city  of  as  feet  two  inches  |>er  second^  and  a  henry  bodj 
fiais  16  feet  one  ineh  in  that  tiine. 

These  are  standard  numbers,  of  contunidl  use  in  all 
fnechanieal  discussions,  and  should  be  earefnlljr  kept  in 
retaembrttnce.  Net  oaij  so,  but  we  'should  ^nire  dis* 
tinet  notioiis  of  'them  in  this  respect,  Tin.  as  sttedard 
tiumbers.  'GraTitjr  is  known  to  us  In  two  wajs;  oa^ 
tnost  familiar  acquaintance  with  it  is  as  a  pressure.  Which 
we  feel  when  We  carrj  a  bnrj  bodjr.  With  this  we  esn 
compare  Uie  pressure  of  a  spring,  the  exertion  of  an  ani^ 
inal,  the  pressure  of  a  ste^am  of  water  or  wind,  tlie  in^ 
tensity  of  an  attraction,  &c.  by  setting  th^m  in  oppositioil 
nnd  equilibrium.  The  philosopher^  and  especially  the 
physical  astronofaier,  and  cultivator  of  the  Newtoniaa 
philosc^hy,  is  well  acquainted  with  gravity  as  an  aocelok 
toting  mid  a  moving  force,  capable  ef  accelerating^  rs^ 
-tatrdibg,  or  deflecting  the  body  in  which  it  inheres,  dr  on 
fwhose  intimate  particles  it. nets  wilhout  intermcdiuttK 
He  can  compare  the  gravity  of  a  stone  with  that  of  the 
moon,  or  of  Jupiter,  or  with  the  force  that  produces  the 
precession  of  the  equinoxes.  The  general  raechantcian^ 
observing  thst  idl  other  pressures,  such  as  that  of  k 
spring,  df  an  ammiil«  Ccc.  are  also  moving  forces,  by  com^ 
tuning  tlldse  tWo  aSp^ts  df  gravity^  makes  a  Inost  im- 
portant use  of  it  by  comparing  dther  forces  with  weights, 
and  then^  inferring  the  irlotioHs  which  those  forces  win 
produ«!e.'  Thus,  knowing  that  an  alreW  f  on.  weight,  by 
failing  18  inches  acquires  the  velocity  of  10^^  feet  per  m^ 
tond,  he  infers,  that  when  drawn  to  the  head  by  a  bow 
of  02  pounds,  it  will  be  disdiarged  with  tlie  velbdty  of 
933  feet  per  second. 

We  shall  therefore,  in  future,  compare  every  force  With 
-^AYiHf,  aM  express  the  accderativ^  poWet*  ef  this  stan* 
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iui  hf  SSI,  mnnuig  that  lijr  actisg  m  er^rf  fartide  of 
a  body  for  a  second,  it  will  generate  the  Telocity  of  39* 
feet  per  lacoad,  aad  caue  the  body  to  detccifae  16  f^et 
with  a  motion  unifomly  accelerated.  Wt  may  iad  i4 
conYenient,  on  some  occasions,  to  use  the  numbers  386^  ' 
and  193,  which  are  tbe  ioehes  in  32/,  and  16y^g  feet. 

145.  The  questions  that  interest  us  ^t  present  are  those 
coDcarning  the  relations  between  the  time,  ^  of  any  i'all^ 
*a  beigiit,  A,  of  tkat  fall,  and  the  Telocity,  «,  that  is  uni* 
formly  acquired  in  falling;  so  that  when  any  one  of  thosa 
Aings  is  giTen,  the  others  may  be  found  out 

I.  Since  the  Tariations  of  Telocity  are  proportional  te 
Ike  times  in  which  they  are  produced,  we  have 
V:  r  =  a2:  381" 
andi/  =  S2l'^ 

and  t"  =  — . 
32 

N.  B.  The  time  t  is  always  supposed  to-be  a  number 
of  seconds,  and  the  hei^t  A  a  number  of  ftet,  and  the 
Telocity  a  a  number  of  feet  uoiformly  noTcd  over  ki  one 
second. 

A  falling  body  therefore  acquires  an  increnient  of  38 
feet  per  second  in  CTcry  second  of  its  fall,  and  an  ascend* 
ing  body  has  its  Telocity  lessened  as  much  during  cTcry 
cecoad  of  its  rise,  A  body  falling  during  four  seconds 
ac«|«ires  the  Telocity  of  128  feet  per  second. 

But  if  the  body  has  been  projected  downward,  with  the 
Telocity  of  100  feet  per  second,  then,  at  the  end  of  4",  it 
Is  meying  at  the  rate  of  88S  feet  per  second, 

A  body  projected  straight  upwards  with  the  Telocity  of 
160  feet  per  second,  will  at  the  end  of  the  first  second  of 
its  rise,  haTe  the  Telocity  128.  At  tbe  end  of  3!'  it  will 
be  moTing  at  the  rate  of  M  feet  per  second.  Its  Telocity 
at  the.end  of  the  third  second  will  be  64  At  the  end  of 
the  fourth  second  k  will  be  33,  and  at  the  end  of  ^vp 
seconds  it  sill  rt9p>  and  begin  to  fyil. 
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The  times  of  the  rise  and  tb?  suhsequent  fall  are 
equal. 

146.  II.  Smce  the  heights  ace  JS  tike  Sfwm  of 
the  times  of  the  fall  or  ascent,  we  have 

r:e«  =  16:16<« 

andi  =  16(«and  Vk  =  ^t 

also  <•  =;  rjg,  and  t  =  -j-* 

A  hearj  bodj,  falling  during  four  secondS|  falls  8M 
feet 

A  bodj  rising  straight  upwards  144  ffset  emplojs  S 
seconds  in  its  ascent 

147.  III.  Because  the  heights  fallen  through  are  also 
proportional  to  the  squares  of  the  Tclocities  acquired  a^ 
the  end  of  the  fall,  we  hare 

32«:  f)«  =  16:A 

and,  conversely,  o  =r  8  t/i,  and  «>  ;=  64  A. 

148.  All  questions  concerning  the  perpendicular  ascent^ 
and  descents  of  heavj  bodies  may  be  solved  by  means  of 
the  two  equations 

h  =  l6fi,  =  ^U. 
^        An  easy  mode  of  extempore  computations  is  had,  by 
^     remarking  that  since  a  heavy  body  falls  16  feet  in  a 
second,  and  acquires  the  velocity  38,  it  falls  1  foqt  in  ^th 
of  a  second,  and  acquires  the  velocity  D. 
r        In  every  second  of  the  fall,  the  velocity  is  increased  by 
32-7Hind  in  every  foot  of  the  fall,  the  square  of  the  veloci* 
«    ty  is  increased  by  64. 

In  many  questions,  particularly  in  hydraulics,  it  is  coiir 
Tenient  to  have  the  measures  in  inches. 

149.  Now,  •T9S:  V^T=  386 :  27,78S.  Therefore  a 
^f  beavy  body  by  falling  one  inch  acquires  the  velocity 
^       27,785  inches,  or  nearly  87}  inches  per  second. 
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150.  Did  "gnmij  impel  a  body  unifomilj  along  a  space 
tqual  to  the  radius  of  die  earth,  it  would  generate  the  Te-> 
locity,  which  would  oiable  the  body  to  describe  a  para* 
bola,  having  the  centre  of  the  earth  for  its  focus.  If  pro- 
jected straight  upwards  with  this  velodtj,  it  would  never 
return* 

151.  Now  1/167/ £arth'snuL=:S2  :  S6.680  feet 
This  is  the  rdocitj  now  spoken  of.  Suppose  the  earth 
uaiformlj  dense,  and  a  pit  to  the  centre.  A  heavy  body 
would  acquire,  by  falling  down  this  pit  the  velocity 
2S,86&  Greater  velocities  than  either  of  these  can  be 
produced  by  forces  which  we  know,  Jurum  Jklmnant 
cqMuida  with  the  velocity  of  at  least  4S  miles  per  second. 

It  does  not  seem  necessary  to  insist  further  on  the  rec- 
tilineal ascents  and  descents  of  heavy  bodies,  and  there- 
fere  we  proceed  to  consider  their  curvilineal  motions, 
when  projected  in  any  direction  that  deviate^  from  the 
perpendleular.  These  are  the  motions  which  are  under- 
stood to  form  what  is  called  proibctilbs. 

152.  These  motions  are  not  only  interesting  to  the 
philosophical  mechanist,  as  examples  of  a  constant  de- 
flectmg  force,  and  a  unifiM*m  deflection  in  parallel  lines, 
but  also  to  the  artillerist ;  because  the  motion  of  shot  and 
diells  are  cases  of  this  question,  which  comprehend  the 
whole  of  hu  art  It  has  therefore  been  very  much  culti- 
vated ;  and  there  is  no  branch  of  mechanical  philosophy 
on  which  so  much  has  been  written,  or  so  many  experi- 
ments made  for  its  improvement  The  experimental  cul- 
tivation of  this  branch  could  scarcely  be  prosecuted  by 
private  persons ;  but,  in  all  the  states  of  Europe,  there 
are  public  establishments  for  this  purpose,  and  no  expence 
hts  been  spared  for  bringing  to  perfection  an  art  in  which 
the  fate  ot  nations  has  unibrtunately  much  dependence. 

But,  notwithstanding  this  liberal  encouragement,  and 
the  nnmberiess  volumes  which  have  been  published'  on  the 
solgect,  it  cannot  be  said  to  have  improved  much  as  a 
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sctenee  tiftoe  it-^tme  out  of  tbe  hands  of  Ha  ioventop^  aid 
his  iiBmediale  pupil  Tartaglia;  and  we  shall  be  greattj 
diiappointod  if  we  look  for  that  aicef  agpaeinent  bet«reett 
tbfi  results  of  the  most  apppored  theory  and  ^hat  we  ob- 
serve in  the  flight  of  great  shot  and  shellf.    The  tfaeorf, 
however,  is  unexceptionable;  and  the  enormous  deria-* 
tbna  that  we  see  in  the  actual  performance  of  artillerjt 
is  owing  to  the  resistaaee  of  the  air.     This  was  long  eon- 
sidered  as  insignificant,  even  after  Newtqn  l^ad  given  i|a< 
sufficient  isformaf ion  to  the  eontrarj.    Butthe  gentlemev 
of  the  piwftssion  made  little  'aceount  of  the,  speculalicvia 
of  a  private  philosopher,  and  pontimied  to  regulate  their 
theories  by  notions  of  their  owp.    They  have  been  afr 
last  conviooed  of  their  mistake  by  thecurioua^experimenta 
and  discoveries  of  Mr  Robins,  and  are  improving  the«i» 
practice  in  some  measure.    But  we  now  find,  thatthd 
theory  of  the  motion  of  heavy  bodies  tkrouf^  a  iwsiatiaf 
fluid,  is  one  of  the  most  abstruse  and  difficult  tasks  tha| 
the  mechanician  can  tak^  in  hand. 

At  present,  we  are  about  to  consider  this  aobject  mere? 
ly  as  a  particular  caie  of  raotbos  regulated  by  gnmtat 
(ton,  reserving  the  particular  consideration  of  th^  .modif 
ficationa  of  thfie  niotioos  by  the  resistanoe  of  the  air,  till 
we  shall  have  made  ourselves  aeqiiainted  with  the  general 
laws  of  such  r^istanfe. 

153.  Let  a  body  (Plate  II.  fig.  1)  be  projected  in  any  dk 
section  AB,  which  deviates  from  the  vertical  AW.  7hcn  it 
would  move  on  in  ^his  direction,  and  in  equal  succeeding 
moments  woqld  describe  the  equal  spaces  AD,  BH,  HI; 
IK,  EL,  &q.  But  suf^ose,  that  when  the  body  is  at  B  it 
receives  an  inst^tancoiis  impulse  in  the  direction  cS  the 
▼ertical  BB^  such  that  by  this  impulse  it  wouki  describe 
the  line  B  (  uniformly  in  the  same  time  that  it  would  have 
continued  its  motion  along  BH.  Or,  to  speak  more  ac- 
curately, let  the  motion  or  velocity  B  i  be  compounded 
with  the  motion  BH.    The  body  must  describe  the  dift- 
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gDMlBC  of  t  pfvallebgfBin  Bi  CH,  adt,  at  tlie  end  of 
tbai  wamfi,  monent,  ii  mnt  be  in  C,  19  tbe  reriical  fine 
KCC\  and  nonng  widi  the  TakmtjF  BC.  Tbefcfave,  in 
tbe  thifd  momettt  it  vonid  Aturihe  C%  equat  t#  BC. 
Bal  let  avother  impidse  in  tiie  JdirtdiaA  af  tha  Tcrtieal 
CC  genoaate  the  ^ooitj  C  «»  aqoal  to  Bi.  Bjr  Ae  com* 
paritiaD  of  ilus  with  the  motion  CM,  the  body  will  de« 
serifae  tfaediagoflol  eDaf  tht  paralMogaam  CoBN,  and 
at  the  aad  of  tha  third  maipeat  must  be  in  D,  BKnrisg  in 
thedimrtiopandwithtlMTOlaoitjrCD.  It  wairid  dastriba 
BO  equal  to  CD  k  the  fcavtb  moBieiit.  Anather  impair 
at  gravltj  Dd»  in  the  v^rtiaal,  and  equal  to  either  of  the 
finaMF  ivpilsas^  wiH  liiake  the  bodf  describe  DB ;  and 
an  equal  inpiibeEewiMdefcal  tba  body  into  £F ;  and 
another  impulse  F/will  deflect  it  into  FG,  Ifc. 

Thus  it  is  phitt  tMt  the  body,  by  the  oampasition  of 
these  equal  and  parallel  impulses,  will  describe  the  poly- 
gonal ^ure  ABCDEF6,  all  in  one  Tertiea!  plane,  and 
in  ewry  instant  or  point,  such  as  £,  will  be  found  i« 
the  uertiod  liae  KE,  dsawn  ftem  the  point  at  which  il 
would  ha\re  arvsr^  in  tl)at  iuslaM  by  the  primitive  prut 


Now,  let  the  interval  between  Ihaaa  impuiaes  be  dxaphs 
nished,  md  their  nnqiber  be  inaraased^  without  end.  It 
is  evident  that  this  po^ganal  lootiou  wili  ultiasately  on* 
ineide  with  the  motion  iu  a  path  of  contisned  euavatiou, 
by  the  eontinua)  and  unvaried  action  of  giavity. 

The  liue  described  fay  the  bddy  has  evidcntfy  the  M» 
lowing  pnqiiertiaa. 

IM.  1st  if  n  number  of  equidistapt  Mrtteal  Kaes  BB^, 
HCC%  nuy,  K££',  fco.  be  djwwn,  ^utUng  the  curve 
hi  B,  C,  D,  X,  be. ;  aud  if  the  chords.  AB,  BC,  CD,  im, 
ire.  dcawB  ihfough  the  poiuts  of  iatevsection,  be  piroduo^ 
ledtitttheyieirtthf  vestieakin  H,  N,  O,  F,  &e.  the  in- 
tmepM  povticms  H€,  Nt),  DE,  VF,  be.  are  aU  equal. 

1A&  8d.  The  eaove  b  a  parabola,  in  which  the  vastieals 
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BB^  CCy  he.  toe  diapieters.  The  pnypert j  mentioiied 
ia  the  last  paragri^h  bebngs  exclusively  to  the  parabola* 
As  the  circle  is  the  curve  of  uniform  deflection  in  the  di* 
rectioB  of  the  radius,  so  the  parabola  is  the  curve  of  uni* 
form  deflection  in  the  direction  of  the  diameter*  That 
the  curve  in  which  the  chprds  drawn  through  the  inter* 
section  of  equidistant  verticals  cut  off  equal  portions  of 
these  verticals  is  a  parabolai  is  easil  j  proved  in  a  variet  j  of 
wajs.  Since  Bi,  C  c»  Dei,  Ee,  are  all  equal,  and^e  ver- 
ticals are  equidistant,  BcdE  must  he  a  straight  line.  So 
mustCdfF;  BE.  must  be  parallel  to  CD,  and  CF  Co 
BE.  Therefore  BF  and  CE  are  parallel,  and  are  bisected 
in  m  and  p  hj  the  vertiiSal  DD'.  Also,  if  FC  be  produced 
till  it  meet  the  next  vertical  in  ^  i  B  is  equal  poDin.  All 
this  ia  very  plain.    Hence 

t  B,  or  Dm :  dm  =  BF :  mF,  =  m  F :  oE ; 

but        dm:Do=  mF:oE; 

therefore  Qm:  Do  =  mF^:o£>; 

and  D,  E,  F,  are. in  a  parabola,  of  which  Dm  is  a  dii^ 
meter,  and  o  £,  fi  F  arotsemiordinates.  We  should  pnove, 
in  the  same  manner,  that  BG  b  parallel  to  CF,  and  AG 
to  BF,  and  D  m  :  DD'  =  mF^  :  D'Gs  and  the  points 
D,  F,  G,  in  the  same  parabola* 
.  156.  Thus  we  have  demoujitrated,  that  the  equal  and 
parallel  impulse  of  gravity  produces  a  motion  in  a  para- 
bola whose  diameters  are  perpendicular  to  the  horiion. 
This  was  the  great  discovery  of  Galileo,  and  the  finest 
example  of  his  genius.  His  discoveries  in  the  heavens 
have  indeed  attracted  more  notice,  and  he  is  pfteiier  spo* 
ken  of  as  the  first  person  who  shewed  the  mountains  in 
the  moon,  the  phases  of  Venus,  the  satellites  of  Jupiter, 
&c.  But  in  all  these  he  was  obliged  to  his  telescope ;  and 
another  person  who  had  common  curiosity  would  have 
seen  the  same  things.  But,  in  the  present  discovery^ 
every  step  was  an  effort  of  judgment  and  reasoning,  and 
the  idioie  investigation  was  altogether  nov^l^  No  attempt 
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tlie  firrt  dawn  of  mechanical  sci? 
to  eifdttn  a  curriluieal  motiqn  of  any  kind ;  and 
cf en  the  law  of  the  ^mpodtion  of  motioii,  though  faintlj 
seen  bj  the  ancienta,  bad  nerer  been  applied  to  any  use 
(except  by  Stevinua)  till  thia  Mgacious  jJiilosopher  law 
its  iininftnae  iniipoi^ce»  and  brought  it  infp  constpnt 


157.  The  proceaemployedby  GalOeointhbinvettigationt 
and  which  baa  been  copied  by  almost  ^  the  writers  on 
tlie  subject,  is  ccwsiderably  different  ffpm  the  one  now 
gone  throq|^  Galileo  sii|qp09es  the  heaTy  body  to  fall  in 
the  rertical  BB'  with  a  nnifonnly  accelerated  motioo,  de- 
scribing qpaces  as  the  squares  of  the  times.  He  supposes 
tys  mcrdoQ  to  hf  compounded  with  the  uniform  motion 
ia  the  direction  of  the  tangent  BR.  Then,  supposing 
that  B I  and  BT  are  fallen  through  while  Br  and  BR  are 
described  by  the  motion  of  projection,  it  follows,  that  be* 
caose  Br  is  to  BR  as  (he  tim^  cS  describing  B r  to  the 
timeQfdescribingBR,weBhalihfiTeBe:BT=Bt«:BR^ 
llierefore,  completing  the  parallelograms  B  <  C  r,  BTSR, 
we  hare  B  <  :  BT  =  I C  :  TS,  and  the  pointo  B»  C,  S, 
are  in  a  paraboh^  whose  diameter  isi  BT,  fnd  has  BR  # 
tangent  in  B« 

No  doubt,  the  result  of  these  soppositiims  agrees  per« 
ftctly  with  the  phenomena,  and  gives  ^  yery  easy  and 
dfgant  solution  of  the  question.  BMt,  in  the  first  place, 
ft  is  more  difficult,  or  takes  more  discourse,  to  prove  this 
cratinned  composition  of  motion  (almost  peculiar  to  the 
case)  than  to  dempi^strate  the  parabolic  figure :  and,  se* 
condly,  it  is  no.t  a  just  parraUon  of  the  fact  of  the  proce* 
dare  of  nature.  There  is  no  composition  of  such  motions 
as  are  here  supposed.  When  the  body  is  at  C,  there  is 
not  a  motion  in  the  direction  parallel  to  B  r,  compound- 
iBg  itself  with  a  motion  in  the  vertical,  having  the  velo- 
city which  the  falUog  body  would  have  as  it  passcf 
Ihrou^  the  point  t.    The  body  is  really  moving  in  the 
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receives  tlie  sane  inftiiitefliinai  impulse  of  gravity  that  it 
received  at  B.  Its  dcieetion,  thereftM^  from  the  line  of 
its  motion,  does  not  make  any  finite  angle  with  diat  mo- 
tion. Therefore,  although  6aUleo*8  demonstration  doea 
rerj  well  for  a  mere  mathematical  preeess,  4ike  the  navi« 
gators  calculation  of  the  ship^s  place  by  tables  of  differ- 
ence of  latitude  and  departiire,  it  by  no  means  answers 
the  purpose  of  the  philosophi^cal  investigation  of  a  natural- 
phenomenon.  The  method  we  have  followed  is  a  bare 
narration  of  the  facts— considering  the  motion  of  the 
body  in  every  instant  as  it  really  is|  and  stating  the  fbree 
then  really  affecting  its  motion. 

We  have  not  scrupled  to  make  use  of  the  method  esi- 
yioyed  by  Newton  in  the  demonstration  of  his  fund** 
mental  proposition  on  curvilineal  motions,  first  oonceiiF^ 
ing  the  action  of  gravity  to  be  subsukory,  and  the  nsotioK 
to  be  polygonal,  and  then  inferring  a  similar  result  front 
the  uninterrupted  action  of  gravity.  But  if  any  p««en 
is  so  fastidious  as  to  object  to  this,  (as  John  Bernoulli 
has  done  to  Newton^s  method,)  he  may  remark,  that  the 
motion  B  b  which  we  compared  with  BH,  in  order  to 
produce  the  motion  BC,  is  just  double  of  the  space  B  i^ 
through  which  the  body  falls  during  the  motion  along 
BH.  Therefore  the  figure  will  be  such  Uiat  the  curvi- 
lineal deflection  will  be  mie  half  of  B  by  or  of  HC,  and 
the  tangent  to  the  curve,  whatever  it  is,  will  bisect  HC. 
Then,  -during  the  next  moment,  since  the  deflective  ac- 
tion of  gravity  is  supposed  the  same,  the  body  will  be  aa 
much  deflected  from  its  path  In  C,  that  is,  from  the  new 
tangent  CS,  whatever  direction  that  tangent  may  have^ 
as  it  was  in  the  preceding  moment  This  gives  us  «  D 
equal  to  r  C,  and  this  obtains  throughout.  Without 
entering  on  any  discussion  on  the  progress  of  the  deflee* 
tlon  in  the  different  points  of  the  arch  BC  or  CD,  it  is 
enongh  iinrour  puipose  to  shew  that  the  curve  deneribedl 
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ife  mdi  Out  whet  eqvidisUnt  ireiticais  arc  drawn,  Hild 
tegtsta  dnhra  tlutnigli  their  inUnecticmi  wkh  the  etmre, 
the  porliaiBs  of  the  Teiticals  cut  off  bjr  the  tangents  art 
ere^jwhere  eqaal.  This  abo  is  a  property  of  the  par*^ 
bbia  cxtJnsivdjr.  That  BCB  is  a  parabola,  of  whidi  BT 
if  A  diameter,  and  BR  a  tangent,  is  easilj  seen.  For^ 
irmring  D  n  pahdki  to  BR,  it  is  plain  that  o  N  ssS  r  C^ 
aadND  =  8sB|=r2rC.  Th^vfore  o D  =  4 r C,  and 
B«=:4Bl,andBl:Bas:<C«:aD^  AndweshoiM 
prore,  in  the  same  manner,  that jr£  =9  r C,  Sec 

Haring  ihns  ascertained  the  general  nature  of  the  path 
ef  a  pbofectile^  We  most  now  examine  its  motion  ih  thit 
fiatb,  determining  its  rdocitj  in  the  different  points,  nd 
the  time  emfdojed  in  the  description  of  the  arches.  Fot 
thu  purpose  we  mast  first  ascertain  the  precise  parabola 
described  under  the  conditions  of  the  pr^ection,  that  is^ 
depending  on  its  direetion  and  velocitj.  To  do  this  in  a 
way  naturally  eonnedted  with  the  acting  forces,  we  siiall 
eonsider  the  velocity  of  projection  as  baring  been  gene* 
fated  by  falling  thrragh  some  determinate  height. 

IM.  Let  ns  therefore  suppose  that  the  body  is  pro» 
Jeeted  from  B,  in  the  direetion  BR,  with  the  velocity  ae^ 
quired  by  falling  through  the  rertieal  YB.  Make  BT 
equal  to  YB)  and  BR  equal  to  YT  or  2  YB,  and,  Ustly, 
dmw  T8  parallel  to  BR,  meeting  the  parabola  in  & 

It  is  plain  that  BR  is  the  space  which  would  be  nniN 
fennly  described  with  the  velocity  of  pipjection  in  the 
tune  of  falUng  through  YB.  Also  Br  is  the  space 
Oat  would  be  uniformly  described,  with  the  same  vet^* 
tity^  in  the  time  of  falling  Uirough  B  t  Therefore  BR 
SI  to  B  r  as  the  time  of  falling  through  YB  to  that  of  falU 
lag  UutHigh  Mi.  But,  since  BT  is  equal  to  Vfi^  Br  is 
te  Bit  as  the  time  of  iUling  thiough  B I  to  the  time  of 
iJling  through  BT«  Therefore  BR  is  to  B  r  as  the  time 
of  faUing  through  YB  to  that  of  falling  through  B  t 
Atftxjrince  B*r  ia  eqi^l  t^  YB^  Br  ia  to  BRas  the  tiwn 
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of  falling  through  B  e  to  the  time  of  fdliog  through  BT. 
Therefore  we  have  B  e  :  BT  =  B  r«  :  BR«.  But^  in 
the  parabola,  we  have  Be :  BT  =  <  C« :  TS',  =  Br* :  TS*. 
Therefore  TS  is  equal  to  BR  or  to  twice  VB  or  BT. 
Therefore  TS«=4BTS  =  4BTxBV,  =  BTx4BV. 
But,  in  a  parabola,  the  square  of  atij  ordinate  TS  is  equal 
to  the  rectangle  of  the  abscisi  BT  and  the  parameter  of 
that  diameter.  Therefore  4  VB  is  the  parameter  of  the 
diameter  BTi  and  VB  is  the  fourth  jMirt  of  that  para- 
meter. 

If,  therefore,  the  horizonial  line  VZ  be  drawn,  it  ia 
the  directrix  of  the  parabola  described  bj  a  body  pro* 
jected  from  B  in  any  direction^  with  the  ▼eldeitj  acquired 
by  falling  froin  V. 

159.  Cw^  1.  As  this  is  true  for  any  other  pointy  C^  D^ 
tkc.  it  follows  that  the  velocity  in  any  point  of  the  path  is 
that  which  a  heavy  body  would  acquire  by  falling  from 
the  directrix  to  that  point— -JV;  B;  This  agrees  with  the 
determination  given  in  Art  121;  in  the  itiost  gede* 
ral  terms,  for  curvilineal  motions  of  ^very  kind;  For 
it  is  well  known!  that  the  equicurve  circle  passing  through 
the  vertex  of  any  diam^jter  of  a  pai^abola^^cuts  off  a  cliord 
equal  to  its  parameter.  Now  this  is  evideUtly  the  de« 
flective  chord  in  the  present  case,  bedftitee  the  diameters 
are  all  vertical  lines,  in  the  direction  of  gravity.  It  agrees 
equally  with  the  determination  gi^en  lu  Art  122; 

160.  C6r.  2.  Hdnce  also  we  l^am  that  the  vebcities  ia 
any  two  points,  ihich  as  B  and  D,  are  propdrtional  to  the 
portions  t>y  and  D  ^  of  the  tangents  throu^  those  points 
which  are  intercepted  by  the  same  diameters.  Thus,  vjf 
is  a  |K>rtion  of  the  tangent  B^y,  intereepted  by  the  diame^ 
ters  Hjr  and  ££',  which  also  intercept  a  portion  of  the 
tangent  D  t  For  these  portions  cff  taagenttf  are  in  the 
subdupKcate  ratio  of  the  lines  YB  and  ZD;  Now  tfa^ 
telocities  acquired  by  falEng  through  VB  and  ZD  are 
in  this  subdupUcate  ratio  of  the  spaces  fallen  throiigk 
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Ml.  SqcIi  is  tbe  GaBlean  Theoiy  of  the  parabolic 
Motion  of  projectiles,  a  doctrine  raluabie  for  ite  intrinsic 
czcdlenee^  and  which  will  always  be  respectable  among 
philoaopberm,  as  the  first  eloanpie  of  a  problem  in  the 
higher  dqiartnient  of  Mechanical  Fbilosoidiy. 

We  are  now  to  consider  it  as  the  foundation  of  the  art 
ef  gnnnery.  But  it  may  be  affirmed,  at  setting  oat^  thai 
the  theory  is  of  very  little  use  for  directing  the  practice 
af  cannonading*  Here  it  is  necessary  to  approach  as  near 
as  possible  to  the  object,  and  the  hurry  of  senrice  allows 
BO  tinoe  for  geometrical  methods  of  pointing  the  piece 
after  eadi  discharge.  When  the  gun  b  within  900  yards 
of  the  object,  the  gunner  points  it  straight  on  it,  or  rsi* 
ther  a  little  ab^ye,  to  compensate  for  the  small  deflection 
which  6buii^  eren  at  this  small  dutance.  Sometimes 
the  piece  is  derated  at  a  small  angle,  and  the  shot,  die* 
diaiged  with  a  very  moderate  velocity,  drops  on  the 
groond^  and  bounds  along,  destroying  the  enemy^s  troops. 
Baty  in  all  these  cases,  the  gunner  is  directed  entirely  by 
practice^  and  it  cannot  be  said  that  the  parabolic  theorj 
is  of  aaj  senrice  to  him* 

Its  principal  use  is  for  directing  the  bombardier  in  the 
throwing  of  shells.  With  these  it  is  proposed  to  destroy 
boiUings,  to  break  through  the  roofs  of  magaxines,  to 
destroy  troops,  by  bursting  among  them,  &c.  Such  ob* 
jects,  being  genenlly  Under  corer  of  the  works  of  a  place^ 
cannot  be  hit  by  a  direct  shot,  and  thereiore  the  shells  are 
thrown  with  such  elevated  directions  that  they  get  over 
the  works,  and  produce  their  effect*  These  shells  are  of 
great  weighty  sometimes  exceeding  800  lb.  The  mortar 
firom  which  they  are  discharged  must  be  exceedingly  strong, 
that  it  may  redst  the  explosion  of  the  powder  able  to  im<. 
pel  this  vast  mass  to  a  great  distance.  Theyiire  there* 
fore  most  unwieldy,  and  it  is  found  most  convenient  to 
have  them  almost  solid,  and  unchangeable  in  their  posi* 
tiott.    The  shell  is  thrown  to  the  intended  distance  by  em- 
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plojiag  a  prdper  qiualitj  of  pdlrdir.  TUs  .is  Ibuui  in* 
cotDiMtfAbljr  easier  .than  to  vary  the  .akration  of  the  tSMHv 
tar.  W6  shall  alio  find^  that  whea  a  j^pier  elevatira  has 
batn  sekeled,  a  Hnall  deviation  fh>m  it^  uaavoidable  in 
such  service^  is  mtick  less  detrimeotdi  than  if  another 
alevmlbtt  had  been  cbosen« .  Mortars,  th^reforei  are  fre- 
quently cast  in  one  piece  with  their  bed  nr  carriage^  ha^* 
ing  an  ekvation  that  is  not  far  frolb  being  tb^  best  an  aU 
ordinary  occasions,  and.  the  rest  is  done  bjr  repeated 
trials  with  diffbrent  chargte  of  powdar^  - 

Still,  however,  in  this  practice,  the  {laraboiic  notion 
must  be  Understood,  that  the  bofflbardier  inay^  arsdl  hifti^ 
self  of  any  occasional  drcumstanoe  that  may  be  of  adr 
vantage  to  him.  We  shall  therefore  consider  the  chief 
problems  that  the  artilleriit  has  to  resolve,  b<it  with  the 
tttmo^  brevity)  and  the  reader  will,  toon  soe,  that  more 
minute  discussion  would  be  of  very  little  service. 

162.  The  velocity  of  projection  is  measured,  by.  the  faU 
that  is  iiecessary  for  acquiring  It  It  has  gqnarally  heed 
called  the  fbroei  or  mrarus;  we  shall  diatJQgui^h  it  hj 
the  symbol/  Thus,  in  Plate  II.  fig.  2;  3^  4^  FA  k  the  h^l^ 
through  which  the  body  is  supposed  to  fall^  in  order  to 
acquire  the  velocity  wi^  which  it  ii  projected  from  A. 

The  distance  AB  between  tixe  pieee  6f  ordnance  alid  t)id 
object^  is  called  the  amputuob^  and  also  the  range  as  r« 
.    Let  the  angle.  EAB  contained  between  the  verticsl 
and  the  dirtetion  of  the  object  be  aalled  the  jJraaB  00  po^ 
nnwn^  7=p.     . 

And  let  the  angle  DAB  contained  between  thltt  direo> 
lion  and  the  axis  of  the  piece^  be  called  the  direction  of  the 
mortar  srd,  and  let.s  express  the  senith  distance  ^  aiigle 
EAD,  contained  betwean  the  aas  of  tha  mortar  aaid  the 
vertical  line  AE. 

The  leading  problem,  from  wbidi  almost  all  the  others 
oi^y  be  derived,  is  the  fallowing.  . 

169*  XetasheU  bBlfaraWD  from  A  (fig.  3, 4)»  i^ith  tie 
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telocity  re«fki{red  by  fttlliiig  through  t&e  vertical  FA  so 
as  to  hit  an  object  B.  ReqahU  tU&  dlMetion  AD'  of  th« 
|*ojeelioii. 

Let  AH  fe  a  hbraontal  linei  aiid  AB  the  Ktie  of  (MMU 
tbn  of  «he  ob|^Gt.  fa  the  vertical  AF,  iAe  A£  =3  4  AF, 
and  on  £A  desiaibeairaiVsh  of  a  ^ele  £l>if  A,  which  shall 
tooelk  tile  Km  of  posilSotk  AB.  Draw  tlirough  thb  object 
the  vertkal^  liae  BD;  cutting  ihe  circle  ia  D  and  d^  aad 
jftb  AD  and  Ad.  I  aa^r  that  AD  or  Ad  are  the  direci- 
tStms  required:    Join  ED  and  Ed. 

Far,  because  AB'toachek'tHe  cifdein  A^  the  angle  ADE 
is  equal  to  the  exterior  atagle  £A  a^  or  DBA,  and  tlie'alten- 
aate  angh^s  EAD,  ADB' are  equal:  The  triangles  ADB 
Ad  EADare  therefore  similar,  and  DB :  D  A  =  DA :  AE^ 
sad  DiC*  =rDBx£A«  Therefore  B  is  in  a  parabola; 
af  wiilcil  the  vertical  Al  is  a  diameter,  AD'  a  tan:, 
gent  in  A^  and  AE  the  pliratfaeter  of  that  diameter. 
If,  Aerefore,  the  b6djr  be  pitjjectbd*  from  A  in  the  direcv 
tioo  AD^  Witb  the  velbfcitj  acquired  hy  falling  through 
PA^  tlie  foiirth  port  of  this  [toranieter,  it  will  describe  a 
parabola  AVfi  which  passes  through  B. 

Bf  tbe  some  reasoning;  it  ift  deifldnrtrated  that  the 
bodj  win  hit'  the  marf:  B-,  if^  projected  in  the  dU^ction 
AdwUh'tbe  sliMe  vdo^tty,  desctibtng  the^ianibola  AoB. 

From  this  veiy  simple  construction,  we  may  draw'  sd* 
v^ral  yerjr  ihstHictivfe  itordlaHes. 

164k  Cor;  t;  WhM  die  vertical  line  passirig  through  B 
tilts  th«  ciixrle  EDX,  it  always  cuts  it  in  tw6  points  D  and 
dy  givifag  tWo'diiwtions  AD  and  A  d^  either  of  which  will 
sol?e  the  prol^nu 

C&r.  21  But'  if  thi!f  vertical  tbnm^  h  only  touch  the 

cirele,  a*  itttitiehes  it  incme  point  odly^  it  gives' but  one 

dnectiofi,  Aotg  which  the  body  mast  be  projected  to  hit 

tte  marir  b.     This  ditectioii  is  AG. 

16^.  Cdr.S.  The  dii^etidtt  AG  evidently  bisects  the 

roh.  I.  * 
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angle  EAB,  and  the  directions  AD  and  A  d  are  equidistant 
from  the  middle  direction  AG. 

166.  Cor.  4.  If  the  vertical  passing  through  B  do  not 
meet  the  circle  described  on  AE,  according  to  the  condi- 
tions specified,  the  object  is  too  remote  to  be  struck  by 
a  body  projected  from  A  with  the  velocity  acquired  by 
falling  from  F.  There  is  no  direction  that  will  enable  it 
to  go  so  far  on  the  line  AB.  The  distance  A  6  is  the 
greatest  possible  with  this  velocity,  and  it  is  attained  by 
taking  the  elevation  AG  which  bisects  the  angle  EAB«. 
We  may  therefore  call  Aft  the  maximum  rangt  on  the 
line  AB,  and  AG  the  midik  direction. 

167.  Cor.  6.  The  distances  on  a  giv^n  line  of  position 
to  which  a  body  will  be  projected  in  a  given  direction  AD» 
are  proportional  to  the  squares  of  the  velocities  of  prelec- 
tion. .  For  the  figure  being  similar,  the  range  AB  has  the 
aame  proportion  to  AF,  the  fall  necessary  for  acquiring  th« 
velocity.  Now  the  falls  are  in  the  duplicate  ratio  of  the 
velocities  required  by  falling.     Therefore^  &c. 

The  converse  of  this  problem  is  solved  with  the  same 
facility  of  construction. 

168.  Let  a  body  be  projected  in  the  direction  AD, 
with  the  velocity  ^acquired  by  falling  through, FA,  it  is  re- 
quired to  find  to  what  distance  it  will  reach  on  the  line 
AB. 

Describe,  as  before,  on  AE,  =  4  AF,  the  circle  EDA, 
touching  AB,  and  cutting  AD  in  D.  Through.  D  draw 
the  vertical  DB,  cutting  AB  in  B.  Then  B  is  the  point 
to  which  the  projectile  will  reach.  The  proof  is  too  evi. 
dent  to  need  discussion.  ^ 

Lastly,  suppose  the  object  B  to  be  given,  and  also  the 
line  of  direction  AD .  (which  is  a  very  common  case,  see- 
ing that  our  mortars  are  often  so  fixed  in  their  beds  that 
their  elevation  can  be  very  little  altered)  it  is  required  to 
determine  the  velocity  that  must  be  given  to  the  projec- 
tUe. 
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Draw  thbougB  the  object  the  Tertical  BD,  meeting  the 
direction  in  D.  Draw  the  Tertical  AE,  and  make  it  a. 
third  proportional  to  DB  and  DA,  that  Ls,  niake  A£  zsz 

^,  and  take  FA  =:^.     Then  FA  is  the  faU  which 

will  generate  the  velocity  required  for  the  projection,. 
The  demonstration  of  this  is  also  very  evident 

169.  Notwithstanding  the  great  simplicity  of  the  con- 
struction of  these  problem^,  we  cannbt  obtain  numerical 
s6lotions  for  pl^actice  with  eqilal  simplicity,  except  when 
the  luie  of  position  is  h'orizoiltai,  as  ill  fig.  2.  This  in- 
deed b  the  modt  genera!  case^  and  there  are  few  situations  so 
abrupt  as  to  deviate  very  hr  from  this  case,  the  ^eatest 
height  of  a  fortress  commonly  bearing  but  a  small  propor« 
tim  to  the  distance  of  the  mortar. 

When  AB  is  a  horizontal  plane,  as  in  fig.  2.  the  arcb 
EDA  id  a  semicii-cte. 

In  this  case  the  maiimuin  range  A  5  is  equal  to  AC, 
the  radius  of  the  circle,  and  equal  to  twice  the  height  FA 
neeessary  for  acquiring  the  velocity  of  the  projection. . 

This  greatest  range  is  obtained  by  elevating  the  mortar 
45  degrees  from  the  horizon. 

170.  The  ranges,  with  diflfehent  directions,  are  pr6por« 
tional  to  tbe  sines  of  twice  the  angles  of  elevation  For^ 
drawing  GC,  DL,  d/,  perpendicular  to  £A^  atid  drawing, 
the  radii  CD  and  C  d,  we  have  CG  equal  to  the  range  A  & 
and  Id^  equal  to  tbe  range  AB.  Now  CG  is  tbe  sine  of 
the  angle  ACG,  which  is  double  of  GAB,  and  /d  is  the 
tine  of  AC  d,  which  is  double  of  AEd,  which  is  equal  to 
tbe  elevation  d  AB ;  and  the  same  is  true  of  all  other  ele- 
fations.  We  may  always  employ  this  analogy  ais  radius 
to  the  sine,  of  tlride  the  angle  of  elevation,  so  is  twice  the 
beight  necessary  for  acquiring  the  velocity  to  the  range 
<tf  tbe  projection  on  a  horizontal  plane. 

171.  The  height  to  which  the  projectile  rises  above  the 
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bori^ontftl  plane  b  as  the  square  of  tiie  sine  of  elevation. 
For  QV  the  axis  of  the  parabola  is  ith  of  DBor  LA  ;«-* 
and  iPA,  the  height  to  which  the  projectile  would' rise 
straight  upward,  is  ^th  of  EA.  Now  E A  :  L A  =  E A*^ : 
AD«  =  rad.«  :  sin.*  AED,  z=  rad.« :  sin.*  elevation.  There^ 
fore  PA  :  VO  =  rad.* :  sin.*  eleration^-^-^lso  VO :  t>.0  =3 
sin.*  DAB  :  stn»<,  iAS^  &o. 

17%  The  times  of  the  flights  are  as  the  sines  of  the  ele« 
vatiom  For  the  Telooities^  in  th^  directions  AB,  A  d,  be* 
ingtfaesame^  the  times  of  describing  AD  and  Ad  untw 
formljF  will  be  aa  AD  add  A  i  Now  AD  and  A  d  are  aa 
Ae^sinesof  theangiea  AED^and  A£d^  which  arer  equal 
totbe^angleaDABanddAB;  Now  the  timea  of  describing' 
AD  and  Ad  unifbrmljr  with  the  ^ocily  of  projection 
are  the  same  with  the  times  of  descriiring  the  parabdae 
A^Band.At)B^ 

173.  When  the  object  to  be  struck  is  on  an  inclined 
pltoe  AB,  ascending,  as  in*  fig.  ft  the  arch  EDA  is  less 
..tbanasemidrcle;  and  when*  it  is  on  a  descen^ng  plane^ 
as  in  figk  4l  EDA  ia  greater  than  a  semidrclei  This  con- 
siderablj  embarrasses  the  process  for  obtaining  the  direc*^ 
tion^  when  the  impetus  and  the  object  are  given,  or  con« 
iwwfiif.  It  has  been>  much  canvassed'  hj  the  many  au* 
tbors  wbo^  delifier  •  theories  of<  gunnery,  and'  the  parabola 
a^brds^many  tery  pretty  methods  of  solving  the  problem* 
Dr  tiftUey^s,  in  the  Pbilosopbical  Transactions,  Noi  ITOjis 
pecnliarty  elegant  Mr  Thomas  Simpson^s  also,  in>No.  486^ 
IB  esftremely  ingenious  and^comprehensive,  and  haa  been  re-» 
daced  to  a  veiy  elegant  simplicity  by  Prisius  in  his  Cos« 
BOOgraphiaA  Btit  neither  of  these^  methods  shew  so  d»« 
tinctiy  the«connection  between tbedifferent  circumstances 
of  the  motions,  or  keep  the  general  principle  so  much  in 
▼iewvas'tbeone  here  giv>en ;  and  all  the  arithmetical  ope^ 
rations  which  finally  result  firom  them^  ai^  precisely  simi- 
lar to  those  deduced  from  our  construction. 
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174.  'nief#ll0miig  method,  MiggeMad  hf  tbe  «tmpk 
construction  now  given^  is  probably  n  -easj  «nd  «xpedU 

Ill«w  tbe4ieri«ontai  lineH  A^ig.A  andi.  eiMing  thereiw 
tkal  drawn  tlHmigfa  B  in  K,  let  C  be  tlbe  centre  of  tbe  emtih 
JarnrobfiDA.  Join  AC,  and  draw  GC,  cnttiBg  the  ve^- 
tioals  through  A  and  B  in  the  points/aad  ^.  Also  draw 
CD  and  C  d.  Let  p  represent  (fhe  angle  of  potion  EAB, 
and  il  tbe  angle  of  direction  DAB,  which  tbe  axb  of  the 
piece  makes  with  the  line  of  position  AB.  Also  let  s  be 
4he  angle  £AD  which  tbe  axis  make^  with  the  vertical 
Let  r  express  the  range  AB,  and /the  fall  FA  necessary 
for  commnnicathig  the  velocttj  of  projection.  Then  tm 
parameter  of  the  pambela  at  the  petnt  of  fNrejeotidn  is 
4ff  =r  A£,  and  asing  6  to  express  fiie  dnew 

We  hare  AB:IffisS,£ADc  S,  DAB,=c.S,  «:  S,  <f« 
DB:  DA=S,  DAB:S,  DBA,  =  S,  d:  S,p. 
I>A :  AE  jfc:  8,  0E  A :  S,  EDA^  s  8^  ^ :  8,  pc 

Tbereibre  AB ;  AE  at:  S^  )>:  x  S^  d :  S',  p. 

That  «     r:4/=S,irx8^4:8Sp, 

And  r  *  S«,  p  2t  •/«  S,  *  x  S,  d. 

Hence  are  derived  fcrinals  which  solve  ttU  the  tqatetions 
eontaaaed  in  Uie  problem. 


"'"•/=ii;^ 


'  4/xS,  jB. 
The  answeia  to  the  questions  eiqwessed  in  the  two  first 
cssei  are  obtained  bj  a  single  operataoa.  In  the  first  caae^ 
the  maximum  value  of  r,  which  corresponds  with  the  ele* 
vstion  AG,  fa  a  third  proportional  to  A£  and  AD,  and 
will  be  had  hj  the  raalogy  sin.*  p :  sin.*  i  p  =±  4/:  r. 
We  also  may  remark  that  the  ranges  made  with  the 
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same  Telocity,  and  on  the  same  dedivity,  are  as  the  pro- 
-ducts  of  the  sines  of  d  and  of  z. 

1 78.  But  these  formula  do  not  afford  so  ready  an  answer^ 
when  d  is  the  thing  wanted,  as  one  would  expect  from 
their  simplicity.  When  d  is  unknown,  z  is  also  unknown. 
In  this  case  we  must  remark,  that  S,  «  x  S,  d  is  equal  to 

cos.  z^^d — cos.  z  +  d       J  xi    i      ,    . 
^, — g i— ,  and  that  z  +  d=:p. 

This   changes   our  formula  into  r  x  sin.s  p:=:  ^f  x 

cos.  z^d-^  CO^  Z  +  d^         S-r J a  j» 

. Tr'    T^,  =  2fx  COS.  Z  00  d-^OOS.  py  =  e/x 

fos.  z  00  (t — 2/x  COS.  p. .  Therefore  we  have 
r  X  sin.*  p  +  2/x  cos.  p  =r  2/x  cos.  z^^d. 

Having  obtain^  the  arch  z  ^  d,  and  having  z  +  d=zp, 

Ve  easily  obtain  d,  it  being  sr-^jLL-^ — .    The  process 

is  much  expedited  by  the  help  of  a  table  of  natural  sines. 
We  must  remember  that  when  the  projection  is  madq  on 
an  ascending  plane,  the  quantity  8  /  x  cos.  jp,  is  to  be 
added  to  r  x  sin.'.'p ;  but  that  it  is  to  be  subtracted  from 
it  if  the  projection  is  made  oq  a  declivity. 

179.  But  a  plainer  method  may  be  taken,  although  not 
so  obviously  deduced  from  the  general  principle.  The 
position  of  the  object  B  being  known,  its  horizontal  dis- 
tance  AE  is  known.  Call  this  h.  The  middle  direction 
AG  is  also  known.  The  line  /  A  is  also  known,  being 
=  2/  Now  /  C  =  2/x  tan.  /AC,  =  2/x  cotan.  p. 
Call  this  b.  Then  Cgb=rA  +  6,  or  =  A  —  i,  according 
.as  the  projection  is  made  on  an  ascending  or  a  descending 
plane.    Now  we  have 

/A  :  C  ^  =  cos.  p :  cos.  d — z  or 


2  /  :  A  +  i  =  cos.  p  :  cos.  a— T. 
Then  to  ^  p  (==  ^  d  +  z)  add  ^  d — z,  and  we  obtaii)  d. 
This  isy  in  fact,  the  process  to  which  we  are  ultimately 
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led  bj  every  method  that  ia  taken  for  the  solution  of  this 
case  of  the  problem. 

The  construction  suggests  another  process,  which 
maj  be  more  acceptable  to  some  readers.  The  angle 
/AG  is  i  EAB.  Therefore  /G  =  2/xtan.  ip, 
and  2fx  tan.  i  p  -r-  AK  ::^  ^  G,  ^  the  versed  sine  of 

X  •»  dj  CA^  or  ■  *  />  beins  radius. 

sm.  p        ^ 

There  are  two  questions  more  that  must  be  solved  be- 
tore  the  artillerist  can  have  all  the  information  he  requires. 
In  the  throwing  of  shells,  it  is  of  peculiar  importance 
that  the  fuse  of  the  shell  burn  during  the  whole  time  of 
the  flight,  but  no  longer ;  and  it  would  be  best  of  all  were 
it  ended  when  the  shell  is  about  six  feet  from  the  ground. 
This  requires  an  exact  knowledge  of  the  time  of  the 
flight 

180.  The  time  of  the  flight  is  the  same  with  that  of  falU 
ing  through  DB.     We  must  therefore  calculate  DB  in  feet 

Then  (146)  I  =  !^;  «•  =  ^.  =  ;^J«5l^.  Prom 
^       ^  4  16  16sin.  <r 

the  sum  of  the  logarithms  of  the  range  (measured  i^ 

feet)  and  the  sine  of  the  direction,  take  the  sum  of  thc) 

logarithm  of  16  and  the  sine  of  the  zenith  distance,  and 

half  the  remainder  is  the  time  of  the  flight,  measured  in 

seconds. 

If  the  best  or  middle  direction  had  been  chosen,  which 

is  generally  not  far  from  being  the  case,  DB  is  equal  to 

BA  or  r.    Therefore  in  this  case  we  have  I  =i-~ — • 

4 

Lastly,  with  respect  to  the  velocity  and  momentum 

with  which  the  projectile  makes  its  stroke,  this  is  easily 

deduced  from  the  property  of  the  parabolic  motion.     We 

know  the  velocity  of  projection,  or  the  velocity  at  A, 

namely,  that  which  is  acquired  by  falling  through  FA. 

In  like  manner^  the  velocity  at  B  is  that  acquired  by  fall- 
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ini^  through  F  «,  (B  #  hcing  AnWu  pwalld  to  4he  hori-^ 
aon.)  Therefore,  V¥A  :  vFT  =  ydocitj  at  A  :  vdo* 
citjatB. 

161.  Sach  are  the  practical  problems  with  their  mori 
Ufeful  eoroHaries  which  have  been  deduced  from  the  Ga- 
lilean theory  of  projectilet,  and  it  oul^  remains  to  com* 
pare  t(ie  results  of  this  iheffff  wi(l»  observation.  An  ^14 
is  the  simplest  case  of  the  curvilineal  inotion  of  bodies  in 
free  space,  and  we  have  seen  such  exquisite  coincidence 
in  the  celestial  motions,  in  which  the  complication  is  in- 
comparably greater,  we  are  led  to  expect  an  equal  coin- 
cidence in  the  case  of  terrestrial  projectiles.  But  it  is  not 
easy  to  institute  the  comparison.  The  planets  describing 
orbits  whidi  return  through  the  same  points  from  whUix 
they  set  out,  their  revolutions  are  repeated,  and  we  can 
easily  state  the  monient  of  their  being  in  any  given  point  of 
their  orbits.  But  in  our  projections  the  whole  flight  is  over 
in  a  very  short  time,  and  every  time  we  see  them  they 
Hfe  new  motions,  |n4epen4ent  pa,  and  nnpoppepted  irith 
any  prior  or  posterior  projection.  There  is,  however, 
one  case,  in  which  the  comparison  seems  even  preferable 
to  any  we  can  make  in  the  case  of  the  planetary  motions^ 
namely,  the  motion  of  a  jet  of  water  or  other  fluid  issu- 
ing through  a  small  orifice,— here,  as  every  drop  follows  the 
3ame  path,  we  have  the  whole  path  e^^hibited  to  us  at  once. 
We  see,  in  one  moment,  a  particle  in  every  point  of  the 
path.  We  can  measure  this  path,  and  state  its  accurate 
form.  The  oply  other  e^^ample  th^t  fiflards  ^B  opptoh 
tunity  for  ezaminatiop  is  the  flight  of  a  bomb-shell  in  the 
night  time.  We  see  this  by  the  light  of  its  fuse ;  but  the 
appearan^re  is  too  transitory  to  give  us  {in^  accurate  in- 
formation. 

When  the  jet  of  wator  is  very  moderate,  ^  when  it 
issues  with  a  velocity  not  exceeedipg  20  or  30  feet  per  ser 
cond,  the  curve  formed  by  the  jet  is  found  to  coincide 
^ith  a  parabola.    And  when  experiments  are  made  with 
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Jets  so  Emite^y  especially  if  the  run  of  water  is  not  too 
small,  (he  .correspondence  witfi  the  theory  is  as  exact  as 
we  can  wish,  ^e  furthest  jet  Is  made  on  a  horizontal 
plme  with  the  deviitipn  of  45^ — and  the  elevalions  which 
give  the  smaller  ranges  are  dbserved  to  have  the  due 
proportion,  vis.  that  of  the  sines  of  twice  the  angles  of 
elevation. 

Bat  when  the  velocity  of  efflux  is  so  great  that  the 
water  is  seen  to  spread  as  it  issues,  and  9oon  divided  into 
spray,  we  then  observe  a  great  deviation.  When  the  jet 
is  very  oUique,  rising  in  an  angle  of  45*  for  example, 
,Fe  c^  plainly  9^  that  tlie  curve  deviates  greatly  from  a 
parabola  with  Its  axis  perpendicular  to  the  horizon.  'The 
remote  branch  pf  the  curve  is  seen  to  be  much  less  slop- 
ing tlmn  the  filing  branch,— -«nd  in  the  very  great  jets 
which  are  to  be  seen  in  some  great  water-works^  the  fall- 
ing briinch  is  almost  perpendicular  at  its  remote  extre- 
npty ;  and  the  highest  point  of  the  curve  is  far  from  be- 
ing in  the  middle  between  the  spout  and  the  place  where 
the  water  falls.  This  unequal  division  of  the  curve  by 
its  highest  point  may  also  be  observed  in  the  flight  of  a 
bomb-sbelly  and  of  fOk  arrow. 

The  tiffie  of  risiqg  to  the  top  of  the  curve  should  be 
eqoal  to  the  time  of  its  descent  on  the  other  side.  Bat 
it  is  sensibly  greater  when  the  elevations  are  small,  and 
sensibly  {ess  wheq  the  projectipi|  b  made  with  a  great 
elevation. 

The  greatest  horizontal  range  should  be  made  when 
the  elevation  is  45** ;  and  this  is  generally  understood  to 
be  the  case.  But  in  every  experiment  that  has  been 
n^de  with  considerable  velocities,  the  elevation  which 
gives  the  greatest  range  is  considerably  below  that  of  45 
degrees.  A  strong  bow  will  send  the  arrow  much  far- 
ther with  an  elevation  of  36^  or  38^,  than  with  45^ ;  and 
i  piece  of  ordnance  does  the  same. 

182.  The  horizontal  ranges  should  be  equal  that  arr 


Digitized  by  VjOOQIC 


186  PROJECTILBi* 

made  with  elevations  equidistant  from  45^  The  follow^ 
ing  experiments  were  made  at  La  Fere  by  the  Chevalier 
Borda,  with  a  24-pouBder  brass  cannon,  with  the  same 
charge  of  powder  in  each  experiment.  Three  discharges 
were  made  with  each  elevation^  and  the  medium  range  is 
here  set  down : 

EkvatiouL  Range. 

16«  1960 


SO 
45 

60 

76 


2236 

2108 

1700 

960 


Here  it  appears  that  the  range  at  76%  which  should 
have  been  the  same  with  that  at  16%  wanted  26  of  being 
one  half  of  it.  The  range  at  60*  is  but  f  ths  of  the 
range  at  SO*.  And  the  range  at  46°  falls  considerably 
short  of  that  at  30". 

The  same  gentleman  made  a  similar  experiment  with  a 
brass  field  six-pounder,  with  two  pounds  of  powder.  It 
ranged  1690  yards  when  elevated  46%  and  1700  when  ele* 
vated  30». 

A  12-pounder  ranged  at  19°  672 

10  495 

It  should  have  ranged  362 


Another  piece  at  8  690 

at  4  600 

It  should  have  ranged  360 

The  range  with  an  elevation  of  46°  should  be  twice 
the  height  through  which  a  body  must  fall  in  order  to  ac« 
quire  the  velocity  of  the  projection. 

This  comparison,  which  is  of  main  importance,  can  be 
-pretty  well  made  with  jets  of  watar,  because  the  velocity 
of  efflux  can  be  deduced  from  the  quantity  which  issues 
in  a  given  time.  In  these  experiments  a  defalcation  may- 
be observed^  even  when  the  velocity  is  very  moderate ; 
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and  when  it  is  considerable,,  the  defdcation  is  verj  grent 
indeed. 

183.  It  is  not  easy  to  institute  such  a  comparison  in 
the  case  of  the  prodigious  velocities  of  military  projectiles, 
and  we  were  long  ignorant  in  this  matter  and  had  notions 
10  erroneous,  that  our  conclusions  misled  us  still  farther 
from  the  truth.  At  last,  however,  a  method  was  disco- 
vered of  measuring  these  great  velocities.  Notwithstand- 
ing the  magnificent  establishments  for  the  improvement 
of  the  art  in  all  the  governments  of  Europe,  and  the  num- 
berless experiments  which  have  been  made,  no  improve 
ment  has  been  made  till  very  lately.  The  experiments 
are  of  a  kind  that  professional  men  alone,  aided  by  the 
establishment,  can  undertake^^and  they  have  not  be^n 
spared-r-but  have  been  so  injudicious  that  they  did  more 
harm  than  good.  Yet  they  appear  unexceptionable.  Thus, 
from  a  medium  of  18  discharges  with  the  same  quantity  cff 
powder,  and  only  three  degrees  of  elevation,  that  the  flight 
might  be  almost  a  straight  line ;  it  was  found  that  51Q 
yards  were  described  in  2^  seconds,  from  which  it  was  in- 
ferred that  the  velocity  was  204  yards  per  second  or  613 
feet.  Calculations  being  made  for  longer  flights  from  thip 
standard  were  found  so  discordant,  and  led  to  such  incon- 
sistencies; that  it  WM  plain  that  the  first  principle  was 
fiTOneous. 

184.  At  last,  Mr  Benjamin  Robins,  a  private  person,  but 
eminent  for  mathematical  and  philosophical  knowledge, 
accomplished  this  difficult  task,  in  a  manner  that  gives 
ccwiplete  satisfaction.  The  third  law  of  motion  teaches 
as  that  when  a  body  A  makes  any  change  in  the  motioj^ 
of  another  body  B,  it  sustains  an  equal  change  in  the  op- 
posite direction.  If,  by  striking  B,  it  gives  it  a  quantity 
of  motion  1,  then  it  loses  the  same  quantity  of  its  own 
motion.  If  therefore  A,  moving  with  the  velocity  604 
feet  per  second,  strike  on  a  body  B  a  hundred  times  bigger 
tban  ]t4elf^  it  will  give  it  about  the  lUOth  part  of  this  velo- 
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4iiy9  neori J  6  fiwA  fer  second,  which  is  vtrj  moderate. 
Mr  Robins  therefore  discharged  musket  bails  agaiast  « 
Uock  of  wood  banging  li];e  a  peaduhun,  and  so  construct- 
ed that  he  could  tell,  with  great  exactness,  what  velooitj 
it  had  adfaired  from  the  blow.  We  shall  see  im  doe  fime 
how  this  may  be  inferred,  with  great  accuracy,  from  the 
vibration  which  it  will  cayse  this  suspended  block  of  tim^ 
ber  to  make. 

F»>oeedi»g  in  this  wi^,  Mr  Bobias  found  that  a  mu  A«t 
ball^  disdiarged  with  the  ordinary  service  allotment  of 
|iowder,  issues  from  the  mrusaie  of  the  piece  with  a  W9i^ 
city  between  ISOO  and  ITOO  feel  in  a  second.  A  tiodj 
falling  4  feet  acquirer  a  velocity  of  16  feet  per  second; 
therefore,  to  give  it  the  velocity  of  1600  feet  requires  a 
fall  of  40,000  feet,  or  13,333  yards,  ;=  7^^^^  miles, 

Such  a  mudcet,  therefore,  elevated  45%  should  send  the 
ball  almost  16  miles— but,  when  the  trial  is  made,  it  is 
rarely  found  much  to  exceed  ^  a  mile,  deviating  £pom  the 
theory  31  parts  out  of  32,  A  24  pound  shot,  when  dis- 
charged with  the  wBual  service  of  powder,  has  neady  the 
same  velocity.^  Yet  such  a  ball  will  very  seldom  go  three 
miles,  which  is  but  |th  of  what  the  theory  requires* 

This  is  an  enormous  deviation  from  the  theory.— It  is 
not  so  great  in  more  moderate  velocities.  Thus  Mr 
Bobins  found  that  a  musket  ball  with  the  velocity  400^ 
ranged  only  450  yards  when  elevated  20^.  We  shall  find 
that  this  velocity  with  this  elevation,  should  have  given  a 
range  of  1050  yards.  The  experiment  gave  but  i^ths  of  this. 

Another,  having  the  velocity  700  elevated^%  ranged 
690  instead  of  1400,  whidi  it  should  have  ranged. 

185,  Thus  it  appears,  that  the  actual  motionsof  those  pro* 
jectiles  differ  so  monstrously  from  the  theory,  that  it  be^ 
comes  of  no  use  for  directing  the  practice,  except  perhaps 
in  bombardment,  where  the  velocities  are  vastly  more  mo*" 
derate,  and  the  observed  deviations  from  theory  are  much 
smidler,  and  so.  regular  that  an  equation  can  be  adapted 
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ta  them,  wherettB  t3ie  deriatiofin  of  cannon  sbot  and  of  small' 
aims  sesem  unsvaceptible  of  any  such  reduction.     I  may 
afanoet  TeBtore  to  say,  that  the  numerous  and  splendid 
▼domes  whiA  have  beea  written  on  the  parabolic  theory 
of  prcgeetites,  are  IttUe  more  than  ingenious  amusements  for 
mathematicians,  but  deserve  little  attention  from  the  gun« 
ner  or  bombardier.    All  that  can  be  done  for  his  instruc- 
tion, it  to  make  a  collection  of  experiments,  with  every 
variety  of  gun,  devation,  quantity  of  powder,  and  mannci^ 
of  disposing  it  in  the  piece.     In  tliis  collection^  no  con- 
dusion  should  be  drawn  excq)t  by  a  medium  of  several 
iBscharges  in  similar  drcumstances.    By  far  the  greatest 
part  of  the  experiiosents  already  published  have  little  value^ 
being  ihjudidously  made*^»and   they  differ  more  from 
one  another  than  from  any  theory<<— ranges  with  sroalf 
devtttions  are  of  no  use  for  establishing  the  theory,  because 
the  smallest  deviation  from  the  direction  in  the  vertical 
prodiices  a  great  diiierence  in  die  range,  insomuch  that 
the  ranges  with  4^  of  elevation  are  frequently  observed  to 
exceed  those  made  with  the  same  powder  and  6^  of  eleva^ 
tion.    Such  deviations  are  unavoidable  when  the  ball  has 
much  room  in  the  piece. 

18&  Such  being  the  state  of  this  article  of  mechanical 
philosophy^  itis  our  business  to  inquire  into  the  cause  of  the 
deviation' from  results  so  simple,  and  which  seem  so  firm- 
ly established  on  the  first  prindples  of  mechanics.  The 
cause  b  by  no  means  abstruse  to  any  person  that  re- 
coHecta  that  this  globe  is  surrounded  by  a  material  atmos- 
phere^  A  body  cannot  move  through  this  atmosphere  with- 
out poshing  the  air  out  of  its  place,  that  is,  without  giving 
motion  to  a  quantity  of  matter.  It  is  a  fact^  without  ex- 
ception, that  when  a  body  in  motion  displaces  another, 
tlie  moving- body  loses  as  much  motion  as  the  other  body 
acquires.  Although  we  are  far  from  knowing  with  preci- 
sion what  motion  is  thus  communicated  to  the  air,  we 
osn  draw  several  conclusions  from  the  general  fact  of  its' 
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being  put  in  motion,  which  must  be  very  nearly  true.  A* 
ball  displaces  the  air  nearly  in  the  same  manner  with, 
whatever  velocity  it  moves.  Therefore,  the  quantity  of 
aerial  motion  which  it  generates,  will  be  nearly  propor- 
tioned to  the  quantity  of  matter  thus  put  in  motion,  and 
the  motion  thus  induced  on  each  particle,  that  is,  the  ve- 
locity with  which  it  is  pushed  aside.  The  product  of  the 
quantity  of  air  displaced,  multiplied  by  the  velocity  of  the 
removal,  wilt  express  the  quantity  of  motion  generated  in 
the  air,  and  extinguished  in  the  ball.  The  quantity  dis- 
placed! in  a  second  must  be  proportional  to  the  space 
passed  over  by  the  moving  ball.  And  the  motion  given 
to  the  same  parcel  of  air  must  also  be  proportional  to  the 
velocity  of  the  ball.  The  product  is  proportional  to  the 
square  of  the  velocity  of  the  ball. 

Therefore,  the  motion  lost  by  the  bali^  or  its  momen- 
tary diminution  of  velocity,*  must  be  in  this  proportion. 

Suppose  another  ball,  of  the  same  weight,  but  having 
twice  the  diameter,  moving  with  the  same  velocity.  It 
must  dbplace  a  greater  quantity  of  air,  and  this  in  pro-' 
portion  as  its  surface  is  greater,  that  is  in  proportion  as 
the  square  of  its  dliameter  is  greater.  The  momentary 
loss  of  motion,  therefore^  will  be  as  the  square  of  the  ve- 
locity, and  as  the  square  of  the  diameter  jointly. 

Suppose  a  ball  of  equal  diameter  with  the  first,  but  of  a 
greater  density.  If  moving  with  the  same  velocity,  it  ge-' 
nerates  and  loses  the  same  quantity  of  motion ;  therefore 
its  momentary  diminution  of  velocity  must  be  so  much 
the  less,  as  its  quantity  of  matter  is  greater.  Thus  should 
a  ball  of  10  pounds,  and  one  of  20,  having  the  same  dia- 
meter, move  with  the  same  velocity  3,  the  quantities  of 
motion  are  30  and  60.  Now  should  the  first  lose  in  any 
iimethe  velocity  1,  it  loses  the  quantity  of  motion  10.  The 
other  loses  the  quantity  of  motion  10,  and  its  remaining 
quantity  of  motion  is  50.  Therefore  its  velocity  is  2^,  and 
it  has  lost  the  velocity  ^.    Thus  it  is  that  we  see  a  soap 
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bubble  descend  TeTj  slowlj»  while  a  cork  bd(  of  the  same 
sue  falls  much  faster,  and  a  leaden  ball  still  faster. 

These  things  will  be  more  partieularlj  considiered  after- 
wards^ and  are  only  mentioned  just  now,  to  help  us  to 
farm  a  notion  of  the  more  remarkable  circumstances  of 
this  retardation.  We  see,  in  general,  that  a  denser  bodj 
sustains  a  smaller  diminution  of  its  velocity  when  it  sus* 
tains  the  same  diminution  of  its  momentum,  and  that^ 
with  respect  to  bodies  of  the  same  density,  the  smaller  will 
be  most  retarded,  because  their  momenta  are  in  a  smaU 
kr  proportion  to  the  momenta  of  the  larger  bodies  than 
their  siirfaces  are,  to  which  the  retardations  are  (cateru 
faribus)  proportional     In  general,  the  momentary  dimi* 

nution  of  velocity  is  proportional  to  —-[3-9  that-is  to-^  ' 

where  v  is  the  velocity,  and  d  the  diameter. 

187.  Philosophers  have  allowed  themselves  to  be  mis« 
led  by  the  great  disproportion  between  the  density  of  the 
air  and  that  of  an  iron  or  leaden  ball,  which  is  from 
9,000  to  11,000  times  heavier,  and  have  therefore  thought 
that  the  retardation  occasioned  by  so  rare  a  fluid  must  be 
insignificant  They  have  been  confirmed  in  this  by  the 
result  of  chamber  experiments,  with  a  jet  of  water  or 
mercury,  in  which  there  is  a  sufficient  coincidence  with 
experiment.  Yet  a  little  reflection  might  have  convinced 
them,  that  what  impels  our  ships,  and  overturns  build* 
ings,  breaks  down  trees,  and  produces  other  ravages,  can* 
not  be  insignificant  in  such  rapid  motions. 

It  is  really  surprismg  that  so  little  has  t^en  learned  in 
a  busy  period,  and  on  an  interesting  subject,  especially 
when  we  think  on  the  immense  establishments  in  most 
nations  for  the  cultivation  of  this  art.  Or,  while  mere 
military  men  prosecuted  this  subject  in  their  own  way, 
with  their  moderate  stock  of  mathematical  knowledge,  it 
is  veiy  surprising  that  men  of  science  have  not  improved 
the  art^  especially  since  the  elements  have  been  so  plamly 
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muif  diiitftidtly  laid'  d6Mi  a  c^iury  sgcy  bf  di#  Isaic  Neir- 
ton. 

]|9ewto)i  was  the  fiMt  Wbb  cott^idei^ed  MU$'  ihechabical 
Mtion  of  fluids  itt  motidn,  and  Utt'  has  giv^  ud  the  eie* 
0eiit»  of  aW  the  science  we  yet  posses^  oa>  thir  subJectL 
His  theory  of  what  is  now  called  the*  resistance  6t  flaids 
{Proceeds  on*  the  acknbwiedjged  principles  6t  meehanle^i 
and  ha»  nothing  in  it  that  is  not  strictly  detnottstrafedi 
except  the  assumption  of  the  partibttlar  cddstU^tion  06  a 
iloid.  Thift'  he  annountes-  as  a  hypMhtsiBi  Vl^  gi^s  tWd 
fbrms  of  this- hypothesis,  one  of  whii^h  cdn«»p6nd8'ttt  tite 
imly  distinct  notions  we  can  fbrm  of  the  ineehanicd  aR> 
factions  of  <:dmmon  air.  He  shortly  demottMirates,  thai 
the  diminution  of  motion  produced  by  it  is  the  same  with 
what  would  be  produced  by  the  weight  of  a  column  of 
this  fluid,  liaving  the  r^istbd  suHhce  for  its  ba«e,  and 
having  fdr  itSr-  height'  the  height  necessaiy*  fbr  acquiring 
the  velocity  of  themotibn.  ^Hus^  a  squatie  in  itrm^- 
ihg  in^  wat^r  80  f^et>  per  se^nd^  sustains*  a  reristadM 
equal  to  the  weight  of  a  priftn  cf  Watfer  16  feetMong^— 
this  will  be  about  seven  pounds;  Air  being  840  timei 
tighter,  the  resistance  i^  but  the  84(HH  of  thii^  or  ]i^ 
ounces.  If  the  sUrfacef'niove'50  timet  foster  than  tUisj  or 
1000  ftet  in  a  setond;  the  Hesiitance  will  be  50 x50  x  1$ 
ounce^^  nearly  21  pound*  on  every  square  incE  The  t^ 
sistonceto  a  muiket  bairsfaould'be  7B  times  its  weigbt,  by 
Newton's  principles. 

The  inattention  of  artillerists  t6  all  this  is  stUKhe  tnbre 
surprising,  as  Newton  supported  bis  theory  by  the  roost 
unexceptionable  experiments^  made  by  him  with  the  ut^ 
inost  care.  One  dnef  reason  seems  to  have  been  the  n*^ 
ture  of'  the  experiments.  Newtoii'^  meastorres  of  the  acf^^ 
tual  resistance  of  the  air  were  inferred  frond  observing  the 
diminution  ivhich  it  caused  in  the  vibrations  cf'penduhHiis. 
These  inferences  required  sUeh  a  load  of  caleulation,  that 
acarcefy^any  person  but  Newton  had  patience  to  subnk 
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to  it.    And,  as  his  observed  resistances  were  rery  smail^ 
tbey  were  disregarded. 

Artillerists  were  also  greatly  mistaken  in  their  notions 
of  the  initial  Telocities  of  cannon  shot  They  had  infers 
red  these  measures  from  the  time  a  cannon  ball  flew  a 
certain  number  of  yards ;  not  suspecting,  that  in  a  second 
of  time  the  Telocity  is  reduced  to  little  more  than  one 
hsi£  A  remarkable  experiment  was  made  at  Leith  in 
178S,  which  is  very  instnictive  in  this  respect.  A  ball  of 
108  poands  was  discharged  by  eleven  pounds  of  powder, 
it  an  deration  of  15^  A  24  pound  ball  was  discharged 
with  eight  pounds  of  powder,  with  the  same  elevation. 
They  were  discharged  almost  at  the  same  instant.  They 
alighted  within  one-fourth  of  a  second  of  each  other,  and 
aot  above  sixty  yards  asunder.  From  such  an  experiment, 
a  person  might  be  led  to  think,  that  the  two  balls  moved 
with  nearly  the  same  velocity ;  yet  the  smallest  reflection 
most  convince  us,  that  this  cannot  be  nearly  the  case. 
By  the  beat  judgment  that  can  be  formed  of  the  action  of 
gunpowder,  and  by  comparing  these  discharges  with  such 
as  have  been  measured,  it  appears  that  the  initial  velocity 
of  the  great  baU  was  nearly  800  feet  per  second,  and  that 
of  tlie  84  pound  ball  was  1450.  In  two  seconds  the  84 
pound  ball  was  reduced  to  the  velocity  807.  In  dj  se- 
conds both  were  reduced  to  620;  the  smaller  ball  having 
gone  4900  feet,  and  the  large  one  3600.  In  22  seconds 
the  great  ball  had  just  passed  the  other,  having  gone  9600 
feet,  and  still  retaining  the  velocity  270.  The  24  poun- 
der had  the  velocity  210.  It  was  necessary  to  calculate 
these  motions  for  every  tenth  part  of  a  second. 

We  see,  from  this  experiment,  how  difficult  it  is  to 
learn  the  velocities.  We  are  therefore  under  great  obli- 
gations to  Mr  Robins  for  his  discovery  of  an  unexcep- 
tionable method  of  acquiring  this  knowledge.  He  begins 
his  examination  of  this  question  by  first  finding  the  re- 
listaflce  to  alow  motions— thb  he  did  in  a  way  that  was 
WOL.  I.  w 
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equdUj  •ecurate  wA  original.  Tbtt  surftuie,  lif  which  W 
examined  the  resistance,  was  made  to  mo?e  round  an  axis 
at  the  distance  of  sisc  or  ?ight  feet,  at  a  certain  determin- 
ed rate,  and  the  fqrce  requisite  for  this  purpose  v^as  mea- 
sured \^  weights.  In  this  mannert  be  found  that  a  ball 
4A  inches  dianoeter  (which  is  the  aiae  of  a  18  pound  shot) 
moying  25  feet  per  second,  sustained  a  reatstaace  of  -0,78 
OUQCe  avoirdupoise ;  therefore,  if  moving  89^  feel  per  sep- 
pond,  it  sustains  a  sesistanoe  of  one  ounce,  for  he  Iboqd  the 
resistances  accurately  proportional  to  the  square  of  tl^e  to- 
locity.  Now,  suppose  this  hall  to  move  with  the  velocitj 
with  which  it  is  discharged  with  four  pounds  of  powdeii^ 
that  is,  l^iQO  feet  per  second.  The  resistance  would  be 
^xM  times  as  much,  or  about  184  pounds,  or  15^ 
times  the  weight  of  the.  bali  Now,  the  weight  of  the 
ball  would  diminish  its  Telocity  32  feet  in  the  irst  second, 
that  is,  while  it  flies  the  1600  feet.  The  resistance  would 
diminish  it  15i  times  as.  much,  or  488  feet,  reducing  its 
velocity  to  1178  feet,  before  it  has  gOAe  AQO  yards. 

168.  So  inattentive  have  we  been  to  the  trii^ths  furniab- 
ed  us  by  Newton.  But  Bobios  did  not  rest  satisfied  with 
dxi9  deduction  from  the  resistances  observed  in  s^ow  mc^ 
lions.  He  contrived  a  stiU  more  beautiful  and  original 
jnethod  of.  determining  directly  the  initial  velocities  of 
military  projectiles.  This  completed  the  discovery,  and 
gave  a  new  form  to  the  science  of  artillery ;«— I  should 
rather  say,  that  he  made  it  altogether  a  new  science. 

Mr  Bobins  discharged  the  bullet  against  a  block  of 
timber  hanging  like  a  pendulum,  and  the  stroke  set  it  i»- 
to  vibration.  We  shall  learn  in  due  time  how  the  veloci- 
ty, communicated  to  the  pendulum,  may  be  inferred  with 
great  accuracy  from  the  extent  of  the  vibration.  As  the 
bullet  stuck  fast  in  the  wood,  its  velocity  was  reduced  to 
the  velocity  of  the  -pendulum;  i^nd,  as  the  quantity  of 
motion  remains  unchanged,  aa  mwk  as  the  block  of  tiow 
ber  exceeds  the  hall  in  weighty  so  much  did  the  velocity- 
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of  die  ban  exceed  that  of  the  peBduluttii  Thus,,  bj 
Ottktng  the  pendulum  suflkientl^  heavy,  the  velocity  may 
be  made  as  moderate  as  we  please. 

With  this  apparatus,  Robins  discovered  that  a  musket 
hel  weighing  ^^^th  of  a  pound,  when  fired  from  a  barrel 
45  inehes  ion?  with  half  it3  weight  of  powderi  issuer 
with  the  velocity  df  between  16D0  and  1700  feet  in  a  se* 
cend. 

This  was  A  most  precious  invention ;  for  tt  not  only  en« 
iMed  Mr  Robins  to  determine  the  present  important 
question^  but  also  to  examine  the  whole  practice  of  ar^ 
tiUery^  shewing  what  proportion  of  powder^  and  what 
form  of  chamber,  and  what  disposition  of  the  loadings 
produced  the  best  effect,  and  what  is  the  eiTect  of  vary^ 
iog  any  one  of  all  those  circumstances.  All  the  received 
Aostrams  in  artillery  adopted  by  men  ignorant  of  princi- 
ple, and  sanctioned  by  long  authority^  were  now  open  to 
a  fair,  easy^  and  accurate  trial ;  and  it  was  now  put  in 
oar  power  to  establish  fixed  principles  and  maxims  of 
practice. 

Mr  Robins  also  suggested  another  method  of  determine 
ing  the  velocities  by  means  of  the  recoil  of  the  piece^ 
which  be  also  suspended  like  a  pendulum,  and  observed 
the  extent  of  its  vibration.  lEle  found,  that  the  part  ot 
the  recoil  that  was  produced  by  the  powder  only  was  the 
same,  whether  the  piece  was  discharged  with  or  without 
a  balL  This  method  is  much  easier  than  the  other,  espe<» 
dally  with  great  guns« 

189.  These  inventions  df  Mr  Robins  have  been  pro* 
secuted  with  great  seal  and  success  by  Sir  fC.  Thomson^  JB 
afterwards  Count  Rumford,  with  small  arms,  and  Professor 
Hutton  at  Woolwich  has  extended  the  experiments  to 
balls  of  9  pounds.  It  would  be  of  great  service  to  have 
two  or  three  trials  with  great  ordnance  ;  for  as  we  find 
t&at  a  considerable  modification  was  necessary  for  con« 
nectnig  the  trials  in  small  arms  with  those  on  shot  of  3 
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pounds,  we  may  certainly  conclude  that  as  great  a  modi- 
fication will  be  necessary  for  connecting  any  of  the  ex- 
periments yet  made  with  the  performance  of  a  piece  of  great 
ordnance.  The  ingenious  discoverer  would  certainly  have 
prosecuted  his  invention  with  superior  address,  being  a 
person  of  uncommon  sagacity  and  acuteness,  and  a  most 
excellent  mathematician.  But  soon  after  he  was  appoint- 
ed chief  engineer  to  the  East  India  Company,  in  which 
ftation  he  would  have  had  the  finest  opportunities.  This 
excellent  philosopher  died  of  a  fever,  and  the  world  was 
deprived  of  all  the  knowledge  which  his  experience  would 
have  enabled  him  to  coomiunicate. 

His  dissertations  on  this  sut^ect  were  published  by  his 
friend  Mr  Wilson,  in  2  vols.  They  have  been  comment* 
ed  on  by  Euler,  Borda,  and  other  mathematicians  of  the 
first  eminence.  The  experiments  recorded  in  them,  and 
those  by  Count  Rumford,  and  still  more  those  by  Profes- 
sor Hutton,  form  a  most,  excellent  collection  of  facts^ 
from  which  almost  every  thing  that  is  important  in  the 
art  may  be  deduced. 

The  fertile  genius  of  Mr  Robins  did  not  stop  at  the 
discovery  of  the  initial  velocities  of  bullets.  His  inven- 
tion furnished  him  with  a  method  of,  determining  by  di« 
rect  experiments  the  assistance  sustained  by  musket  balls. 
By  the  medium  of  many  shots  fired  against  his  pendulum 
at  the  distance  of  25  feet,  he  obtained  the  medium  velo- 
city with  which  the  ball  struck  the  pendulum.  He  then 
removed  it  50  feet  further  off,  and  repeated  the  experi- 
.ment.  The  mediym  velocity  was  smaller.  This  di- 
minution was  produced  by  the  resistance  of  this  additional 
.50  feet  of  air.  And  thus  its  measure,  or  rather  its  effect, 
is  given  in  the  most  unexi^eptionable  manner.  This  is 
perhaps  one  of  the  most  ingenious  inventions  of  the  last 
century,  for  scarcely  any  thing  seems  more  removed 
from  all  means  of  determination.  It  is  therefore  worth 
while  to  record  some  of  Mr  Robins's  experiments^  which 
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iriB  pre  «s  standard  numbers,  to  which  we  can  have  re- 
course  on  all  occasions. 

190.  The  pendulum  apparatus  was  set  up  at  85  feet 
distanee  from  the  musale  of  the  musket,  which  was 
firmly  fixed  to  an  immo?eable  mass.  After  firing  several 
ihots  iDto  it,  it  was  removed  50  feet  further  off,  and  the 
czperinient  was  repeated.  It  was  then  placed  50  feet  still 
further  oflT,  and  a  third  trial  was  made.  The  results  were 
as  foUow,  a  mean  being  taken  of  each  set 

8  Shot  at  8&  feet  struck  with  the  velocitj  1670 
50  interval  Diff.     ItS 

8  75  1547 

50  interval  Diffl     12S 

8  125  ...  1425 

Here  we  see  that  a  musket  ball,  moving  at  the  rate  of 
1670  feet  per  second  lost  123  feet  of  velocity  per  second, 
IB  pasung  through  fifty  feet  of  air,  and  that,  when  mov- 
ing at  the  rate  of  1547  feet  per  second,  it  lost  122  feet  of 
its  velocity  in  passing  through  the  next  50  feet.  Now, 
as  the  ball  began  the  passage  through  the  first  50  with 
the  velocity  1670,  and  ended  with  the  velocity  1547,  we 
may  take  1606  for  the  medium  velocity  of  this  passage. 
It  therefore  passed  through  these  50  feet  of  air  in  ^^^  part 
of  a  second,  and  it  was  during  this  small  moment  of  time 
that  the  aire's  resistance  retarded  its  motion.  This  enables 
us  to  form  a  very  dear  and  distinct  notion  of  this  resis- 
tance, by  comparing  its  retarding  effect  with  the  retarda- 
tion that  the  weight  of  the  ball  would  have  produced,  in 
the  same  time.  Now  we  know  that  in  y,  part  of  a  se« 
cond,  the  weight  of  the  ball  would  have  diminished  its 
velocity  exactly  one  foot.  The  air's  resistance  has  dimi- 
nished it  123.  It  is  therefore  so  much  greater  than  the 
weight  of  the  ball,  or  it  is  equivalent  to  a  contrary  pres- 
fsre  of  about  10  pounds  and  a  quarter.  The  ball  is  re- 
larded  ID  tbe  same  manner  that  it  would  have  b.ea  had 


Digitized  by  VjOOQIC 


19B  PBOJECTIi^BIJ, 

it  been  fired  strnigfat  up,  and  ImuI  %  wei^t  of  10  jMMinda 
dragged  after  it  by  a  wire. 

This  is  surely  a  very  remarkably  pbenoroeaooi  ttid 
what  no  |>crson  Would  hare  thdugbt  posdble,  that  a  fluid 
to  rare,  and  so  yietding  as  air,  should  oppose  sHOh  a  re* 
siataifoe.  Yet  had  the  military  gestlemeu  who  had  the 
tfelenoe  or  the  art  cotumitted  to  their  hands  for  iiaproTe- 
9ient»  dondescended  to  study  the  pr6|x>sitioiis  published 
by  Newton  more  than  SO  years  befdre^  they  would  have 
seen  that  this  resistance  could  not  be  leas  th^n  6  |i6unds. 
For  this  magnitude  results  from  Newton^s  theorems  by  the 
most  ainiple  calculations.  But^  as  has  be^n  alreaidy  ob- 
served}  they  did  not  imagirie  that  the  velocity  of  a  musket 
ball  watf  nearly  $o  great  as  Mr  Robins  found  it, 

In  another  experimeat  Mr  Robins  fouild 
^t  efi  feet  distant  the  velocity  1690 

175  ISOO 

diilei^enee      990 
This  retardation,  Ivhen  considered  in  the  saitae  riittsner^ 
shews  a  resistance  equal  to  11^  pounds,  or  138tiittes  the 
weight  of  the  ball. 

In  another  experiment,  in  which  the  velocity  tras  1100 
feet  per  second,  Mr  Robins  fbund  the  resifttance  only 
9Bi  times  the  weight  of  the  ball. 

Here  is  a  new  field  of  eiq>eriment  dpened  to  thole  who 
wish  to  improve  this  art,  dr  the  science  of  the  r^istano^ 
of  elastic  fluids.  It  is  surprising  that  it  has  not  been  oc- 
cupied by  any  philosopher  of  artillerist,  and  that  tbe^ 
have  beeb  contented  with  the  esperimatts  of  the  inge- 
nious di^overer,  Mr  Robins  has  indeed  made  a  great 
iiumben**but  few  of  them  have  been  piiblished.  His  owa 
curiosity  was  greatly  excited  by  the  curiosity  of  the  dis- 
cQivetits  that  lie  bad  already  made,  and  their  imp(»tanee 
for  establishing  some  general  laws  on  this  subject.  Hiis 
death  has  therefore  been  an  irreparable  loss* 
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Bf  comparilig  k  gmii  Tsriety  of  ei^Mriments  made  ftl 
BOW  described,  Mr  Bobms  found  that  when  he  compared 
the  resistance  to  slow  motions  with  those  having  the  ve« 
lodtj  of  1600  or  1700  feet  per  second,  on  the  supposition 
thai  thej  increased  in  the  delicate  ratio  oF  the  velocttj, 
the  resistance  to  tho^  rapid  motions  deviated  from  this 
pfoportion  in  the  ratio  df  8  to  1  nearly,  or  itett  nearlj 
thrice  as  great  as  on  this  supposition. 

When  the  velocity  wa*  only  UOO  feet  per  second,  the 
deviation  from  the  duplicate  ratio  of  the  velocitj  was  in 
the  proportion  of  11  to  7,  still  very  great,  but  far  froia 
thefomier. 

In  all  eases  Mr  Robins  found  the  resistarices  to  exceed 
those  of  the  Newtonian  theory  pretty  considerably,  even 
ID  the  slowcist  motions,  and  that  they  deviated  more  and 
more  from  the  duplicate  ratio  of  the  velocity  as  the  velo* 
cities  increased.  It  is  surprising  that  this  assertion  of  Mr 
Robins  has  not  excited  some  of  the  eminent  matfaemati* 
feions  to  a  repetition  of  the  experiments.  Some  of  them 
have  pdbiished  most  elaborate  dissertations  on  the  theory 
1^  resistance  in  elastic  fluids.  These  theories  seem  in« 
cempatibk  Irith  this  fact,  unless  soni^  elements  be  taken 
in  of  which  they  make  no  mention.  At  any  rate,  a  ook 
kctiui  of  experiments  made  in  the  manner  we  have  de* 
scribed,  on  all  velocities  froiti  100  feet  per  second  up  to 
8000,  would  be  of  more  service  both  to  mechanical  science 
and  to  the  art  of  artillery  than  any  thing  that  has  yet 
been  done,  and  till  we  get  such  a  coileciion,  ail  our 
theories  must  be  very  imperfect^  and  probably  very  erro- 


1M«  Mr  Bobins,  in  the  com*se  of  those  experiments  oft 
the  resistance  of  the  mr  miule  a  curious  observation.  In 
very  moderate  velocities  the  retardations  were  nearly  as 
thrir  squarea.  As  the  velocities  were  increased  the  resis- 
tances increased  at  a  somewhat  greater  rate,  but  with  a 
cerlam  obaervaUe  .regularity,  till  the  velocity  exceeded 
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1100  feet  per  second.  But  when  the  velocity  is  increased 
from  1100  to  1200,  the  increase  of  resutance  u  prodi* 
gious.  After  this  the  resistance  goes  on  increasing  nearly 
with  its  former  regularity. 

This  is  a  singular  fact,  that  there  should  be  such  a 
jump  in  the  variation  of  the  resistances.  Mr  Bobins 
guesses  at  the  cause  of  this,  with  great  probability  of  be- 
ing right.  As  the  ball  rushes  through  the  air,  the  air 
falls  in  behind  it,  being  pressed  in  by  the  weight  of  the 
surrounding  air.  The  hell  may  move  so  rapidly,  that  the 
air  cannot  fill  up  the  place  left  by  the  ball.  In  this  case, 
the  ball  is  retarded,  not  only  by  the  resistance  of  the  air 
which  it  displaces,  but  also  by  the  statical  pressure  of  the 
atmosphere.  This  last  is  nearly  equal  to  the  pressure  of 
18  pounds.-— Now  we  can  tell  the  velocity  with  which  the 
air  can  fall  in  behind  the  bail.  This  must  be  the  same 
with  which  it  can  rush  into  a  void.     Thi8,1>y  calculation, 

'  ^  is  about  1100  or  1800  feet  per  second. 

It  is  remarkable  that  this  is  also  nearly  the  velocity  of 
sound,  and  there  is  an  observation  of  this  kind  which 
seems  to  have  some  connection  with  the  mechanical  fact 

\  observed  by  Mr  Robins.  If  a  person  stand  in  sudi  di- 
rection from  a  cannon  when  it  is  discharged  that  the  ball 

i  may  pass  him  at  no  great  distance,  he  will  hear  the  noise 
made  by  the  ball  rushing  through  the  air  all  the  time  of 
its  flight,  and  as  the  ball  approaches  him,  the  noise  should 

^  become  more  audible.  But  he  wiU  hear  the  noise  loudest 
at  the  very  first,  immediately  following  the  report  of  the 

/'  gun ;  and  after  about  two  seconds  he  may  observe  the 
sound  change  all  at  once,  and  not  only  become  more  faint, 
but  even  change  its  kind,  after  which  the  sound  increases 
as  the  ball  comes  nearer.  It  seems  highly  probable  that 
this  abrupt  alteration  in  the  sound  takes  place  just  at  the 
time  that  the  resistance  undergoes  such  a  change ;  and  that 
it  is  owing  to  the  difference  in  the  nature  of  the  undulations 
when  there  is  a  void  behind  the  ball,  and  when  there  is 
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•ot  That  tliefe  is  such  a  difference  in  the^primitiTe 
agilalioii  of  the  air,  is  confirmed  by  observing  the  waj  in 
which  witor  falls  in  behbd  a  stick  drawn  through  it. 
When  the  motion  of  the  stick  is  rapid,  a  Toid  is  left  be» 
hind  it»  to  a  considerable  depth,  and  the  agitation  of  the 
water  is  extremelj  different  from  what  maj  be  observed 
in  slow  moti^ms. 

192.  From  the  preceding  observations,  Mr  Robins  in« 
fers  that  great  charges  of  powder  are  absolutelj  useless 
in  the  service  of  artiUerj,  espedaily  when  the  distance  of 
the  ol^ect  is  considerable.    If  we' would  increase  the  ve- 
lodtj  from  1600  to  8000,  we  must  empioj  half  as  much 
more  powder,  with  a  hazardous  strain  to  the  gun,  and 
the  velocity  will  be  rednced  to  ISOO  before  the  ball  has 
proceeded  500  yards.    Had  it  been  discliarged  with  the 
velocity  1600,  it  would  have  retained  1S98  at  that  dis- 
tance, less  than  the  other  by  8  feet  only.    The  velocity 
1000  requires  only  one-third  of  the  powder,  and  at  the 
same  distuice  the  remaining  velocity  is  very  nearly  900. 
We  may  certainly  say  that  a  velocity  exceeding  1100  t 
should  not  be  aimed  at,  because  it  is  so  rapidly  reduced  ^^^  "- 
by  the  great  resistance.    But  this  subject  will  come  bet- 
ter before  us  when  we  are  considering  the  action  of  ex- 
panding  fluids,  and  we  shall  then  take  occasion  to  distin- 
guish those  cases  of  service  which  render  the  increase  of 
velocity  useful,  as  in  the  battering  in  breach,  iu  order  to 
cut  through  the  revetement  of  a  fortification  at  the  bot- 
tom.   Here  a  deep  penetration  is  necessary,  which  de- 
pends on  a  great  velocity,  although  the  shot  be  not  so 
heavy.    Whereas,  in  the  subsequent  battering  down,  a 
great  momentum  with  a  heavy  ball,  though  moving  more 
slowly,  is  found  more  effective  in  shaking  down  the  un- 
dermined mass. 

19&  Mr  Robins  made  another  curious  and  original  ob- 
servation in  the  course  of  his  experiments.  He  found 
that  shot  opt  only  deflected  downward  by  the  continual 


Digitized  by  VjOOQIC 


^..-w. 


902  AOIBCTILBS. 

action  of  gravity,  but  wetit  fre(|iieiitl7  (o  t6e  Hght  or  td 
ike  left  of  tbe  vertibal  pfaiie  paaring  tfaroagh  the  a:di  of 
the  gun.  He  discovenul  that  this  was  owing  to  the 
knOckiiig  of  the  ball  on  t^e  side  of  the  chaoe  or  barrel  as 
it  went  along,  sO  that  at  lennng  the  niueale  of  thegttni 
it  had  generallj  a  verjr  rapid  rotaiion  roncid  an  a1d8« 
This  rotation  was  altogether  uncertain,  both  as  to  its  du 
reotion  and  itn  velocity.  The  efftot,  however,  was  very- 
manifest  ;  one  side  of  Ae  ball  was  moving  in  tbe  direo^ 
lion  of  tbe  projection,  aAd  the  other  side  was  moving  in 
the  opposite  direction.  From  this  niust  result  a  force 
that  continually  defleclB  the  ball  toward  that  side  that  is 
moving  backwards.  Mr  Bobins  proved  this  by  discharges 
from  a  crooked  barrel,  which  caused  the  ball  always  to 
whirl  in  one  way,  and  he  foiind  the  deflecUon  to  be  al« 
wajrs  toward  that  side  from  which  the  barrel  bent  awtty, 
that  is,  toward  that  side  on  which  the  line  of  the  barrel 
is  convex. 

Great  care  should  tbelrefore  be  taken  to  prev-etit  this 
whirling  motion  of  shot.  No  more  wihdirge  should  be 
allowed  than  what  is  sufficient  for  passing  the  drawing  ladle 
round  the  shot  to  bring  it  out.  When  tbe  exact  aim  is 
matter  of  peculiar  consequence,  it  wonld  be  advisable  to 
use  oval  bullets,  which  cannot  turn  in  the  barrel  of  the 
f  iece,  or  to  case  them  in  Canvas,  or  otherwise,  so  that  they 
^ball  need  to  be  rammed  down. 

The  surer  aim  that  may  be  taken  with  a  rifled  piece, 
depends  on  the  rotation  of  the  ball  being  secured.  It  must 
be  round  the  line  of  its  motion;  for  the  effect  of  the  rifles 
in  the  barrel  is  to  make  the  bail  make  half  a  turn  or  a 
whole  turn  round  the  axis  of  the  barrel  as  it  goes  along 
it,  and  it  continues  this  motion  very  nearly  in  the  direc'* 
tion  of  its  flight.  This  steadying  effect  of  a  rotation  round 
tbe  line  of  motion,  is  pkuHly  seeh  in  a  coirimon  shuttle-, 
cock,  which  flies  quite  wild  Unless  it  twist  briskly  round 
its  axis.  In  like  manner,  there  is  a  great  nicety  in  ^uttidg 
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an  the  featlMSB  V  an  arrow.  Tbejr  tkoiild  be  so  placed, 
that  in  iQokiag  aloag  any  of  the  fealherg,  iUe  point  of  tbe 
arrow  tbouM  appear  about  half  an  inch  to  tbe  left  band 
of  the  direction  of  tbe  feather.  Such  an  arrow»  let  faU 
Irith  its  point  down,  will  sensibly  turn  round  its  axis.  If  it 
tttm  briskly^  tbe  fealbers  are  too  oblique,  and  will  greatly 
unpede  its  progressive  nM>tion.  But  it  wiD  fly  more  true* 
Small  pieces  of  ordnance  have  been  made  with  rifled 
bart^,  and  the  baits  cast  with  protnbeninees  to  fit  them* 
Their  motion  has  biien  eaUremely  steady,  but  their  forcri 
is  so  maoh  diminished  by  this  great  increase  ^f  resistance^ 
that  the  eootritance  !ias  been  given  up  as  unserviceable. 

194.  It  has  been  thought  indispeiisably  necessary  t6 
makethe  axisof  the  tmnniona  of  a  oannon  considterdblf 
bdow  tbe  axis  of  tbe  chace.  It  is  thought  that  if  made 
o&er^ise,  the  tninnions  have  not  sufficient  oomieotidn 
irith  the  metal  of  tbe  gun.  But  the  effbct  af  this  is  hnrt>> 
fill  to  tbe  certainty  of  the  aim,  and  has  otiier  inconveni* 
^ces.  For  the  axis  of  the  barrel  being  above  tbe  axis  of 
the  gun^s  motion,  tbe  pressure  of  the  powder  on  tbe  breech 
causes  tbe  breech  to  press  strongly^  and  with  a  jerk  on  the 
bed  or  quoins  which  support  it,  by  which  the  muzile  is 
made  to  spring  up  in  the  instant  thiit  the  ball  is  going 
along  the  barrdl,  and  it  is  thus  deranged  from  the  mm 
given  it  by  the  gunner.  It  is  also  this  violent  thorny 
given  by  the  breech  of  the  gun  to  the  carriage  that  causes 
the  gun  to  spring  up  again.  This  is  extremely  trouble- 
some. It  is  most  remarkable  in  guns  upon  field  carriages, 
owing  to  tbe  greater  elasticity  of  the  long  sides  of  tbe 
carriage.  But  it  is  very  troublesome  also  on  garrison  and 
ships  carriages,  particularly  in  the  latter,  causing  the  gun 
to  strain  or  dborder  the  breeching,  and  even  sometimes  to 
strike  the  deck  above. 

195.  All  this  would  be  avoided  by  placing  the  axis  of 
the  trunnions  on  the  line  crossing  the  axis  of  the  barrel  at 
right  angles.     This  was  done  with  complete  effect  in  a 
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set  of  gmis  made  in  1759^  for  a  fine  prirateer  frigate, 
built  by  the  late  admiral  Sir  Charles  Knowles.  These 
guns,  haTiDg  the  breech  supported  (for  the  experiment) 
bj  a  thin  chip  band*box  were  repeatedly  discharged  with- 
out making  any  impression  on  it.  A  nine-pounder  of 
the  ordinary  form  was  tried  along  with  them,  its  breech 
being  supported  by  a  little  oaken  box  almost  an  inch  thick. 
The  first  discharge  crushed  it  to  pieces. 

196.  The  same  effect  is  obsenred  in  small  arms.  The 
line  of  the  barrel,  produced  backward,  passes  considerably 
above  that  part  of  the  but  end  which  is  applied  to  the 
shoulder,  and  when  the  piece  is  discharged,  it  never  fails 
to  rise  above  the  direction  intended  for  the  shot.  It  is 
itill  worse  in  pistols.  These  are  made  almost  in  the  most 
unserviceable  form,  the  line  of  the  barrel  passing  so  far 
above  that  part  of  the  but  end  which  is  grasped^  the 
hand,  that  the  pistol  starts  wide  of  the  direction~in  which 
we  think  to  discharge  it,  and  it  is  only  by  practice  that 
we  can  learn  to  take  a  tolerably  good  aim  with  a  pistol. 
They  would  be  greatly  improved  by  making  their  but  end 
exactly  in  the  form  of  a  joiner^s  smallest  saw,  which  I 
think  is  called  a  tenon  saw.  If  thus  shaped,  with  the 
barrel  pointing  backward  to  the  convexity  which  fills  the. 
grasp  of  the  hand,  they  would  be  perfectly  steady  in  the 
firing. 
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197.  Ws  have  explained  in  sufficient  detail,  the  chief 
phenomena  which  result  from  the  heaviness  of  bodies  in 
motion.  The  exquisite  agreement  between  the  legitimate 
deduction  from  the  premised  principles  of  dynamics  with 
these  phenomena,  has  had  the  double  effect  of  giving  us 
the  grounds  of  a  complete  confidence  in  the  truth  of  those 
principles,  and  in  their  competencj  to  the  explanation  of 
the  appearancesj>f  nature. 

The  effects  of  the  heaviness  or  gravity  of  bodieir  will  be 
found  to  mix  with  those  of  every  other  property,  which 
observation  shall  shew  us  to  be  found  in  all  matter,  and 
therefore  we  must  carefully  separate  the  effects  of  gravity 
from  the  other  circumstances  of  the  complicated  phenome- 
non, before  we  presume  to  make  any  inference  in  support 
of  the  existence  and  the  nature  of  any  other  property  which 
we  may  suppose  the  subject  to  possess. 

Proceeding  according  to  the  method  proposed,  we  must 
now  consider  the  phenomena  which  indicate  a  mechanical 
property  of  existing  matter,  that  seems  next,  in  respect 
of  its  generality  or  extent,  to  gravity. 
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198.  Motion  is  continued  or  preserved  in  bodies  bj  the 
perseverance  or  inertia  of  matter.  It  is  necessarilj  com« 
municated  to  other  bodies  bj  this  sensible  impenetrabilitj. 
It  is  modified  bj  the  action  of  gravity^  so  as  to  produce 
all  the  variety  of  m.eQbanic^l  cbejigss  that  we  observe* 
But  this  conservation,  communication,  and  modification 
of  motion,  are  susceptible  of  infinite  varieties  by  circum- 
stances which  seem  to  characterise  different  classes  of 
bodies,  and  make  them  appear  of  very  different  natures. 
A  piece  of  glass  lies  gtill  on  a  tabl^,  or  slides  down  ap  in- 
clined plane.  It  sinks,  if  laid  on  the  surface  of  water — ^it 
rises  to  the  surface,  if  plunged  into  quicksilver— it  makes 
a  pit,  if  it  fall  on  clay,  but  rebounds  if  it  fall  on  glass, 
and  is  sometimes  shivered  into  pieces-— the  ball  which  hits 
another,  drives  it  before  it,  if  it  be  elastic — but  only  carries 
it  along,  if  unelastic,  or  goes  through  it  if  soft.  A  vessel 
'filled  with  grain  wiU  aUow  it  to  heap  above  the  brim. 
Water  will  not  heap  in'  this  manner.  If  the  vessel  have  k 
leak,  a  little  of  the  grain  w]H  fsU  out,  with  the  velocity 
with  which  any  heavy  body  begins  to  fall,  and  the  greatest 
part  wHI  remain  behind.  If  it  be  "filled  with  water,  the 
water  begins  to  flow  out,  with  a  much  greater  velocH]^, 
and  it  runs  alt  out.  If  one  part  of  a  piece*  of  wood  be 
gently  struck,  the  whole  is  moved  together.  If  one  part 
of  a  parcel  of  sand  be  struck  ever  so  gently,  it  is  moved 
alone,  and  the  rest  remain  still.  If  the  air  be  comprised 
in  a  vessel,  and  an  opening  be  made,  it  rushes  out  with 
violence  and  will  drive  a  ball  before  it,  as  we  see  in  the 
air  gun.  But  should  we  compress  water  in  it  with  triple 
or  quadruple  force,  no  such  violent  efflux  is  observed.  A 
bit  of  silver  will  lie  for  ever  at  the  bottom  of  a  glass  of 
^water.  It  will  soon  rise^  and  be  uniformly  disseminated 
through  the  whole  of  a  glass  of  aquafortis.  It  will  re* 
main  in  this  diffused  state,  if  we  add  a  Kttle  brandy— It 
will  all  fall  to  the  bottom,  if  we  add  a  little  spirit  of  harts- 
horn, '  • .        , 
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It  appear^  tlMrtCom,  thai  gar  knowledge,  even  of  ih% 
MMtUf  changes  of  ipotion,  ia  iiiconplete»  till  we  kaoir  ilt 
modificalmis  in  ooMeqiieiica  of  the  hardness,  softness;  ' 
fluidity,  or  aeiial  fbrni  el  bodies ;  and  thai  our  knowledge 
of  those  iptepnal  asotions  which  produce  the  sensible 
changes  of  form  in  the  phenomena  of  ehemistrjF  and  phj^ 
siology,  is  laeaUy  nothing  till  we  understand  the  ctrciini^ 
stances  on  which  those  changes  depend.  We  night  in* 
deed  oonsidev  havdness,  softness,  elasticity,  and  flniditf 
as  phenomena,  describing  exactly  those  forms  of  aggre^ 
gation,  and  then  proceed  to  oonsfler  the  mechanieiil  c^on-^ 
sequences  dedudble  from  those  formsL  But  it  will  bf 
more  suitable  to  the  nature  of  philosophical  research,  and 
more  satirfiMtorf  to  the  curious  miqd,  if  we  can  discof^er 
some  principle  of  connection,  or  some  eireumstance  of 
resemblances  among  those  forms,  the  modificatioB  of 
which  pro(!|uoea  those  distinguishing  appearances,  ani 
which  immidiaUly  opes^tes,  even  in  the  mechanical  ph^ 
aomena  that  we  observe,  and  which  it  is  ear  ptaiHw  pnk 
emof  to  study^  Should  we  be  so  fortunate  as  at  the  same 
time  to  acquire  such  a  knowledge  of  this  connecting  prin- 
eiple  as  wilt  tend  to  explain  those  difTerences  of  form,  and 
regulate  the  effects  of  the  diiTerent  modifications  of  tan«- 
gfbie  matter,  it  is  plain  that  we  gain  a  considerable  exv 
tension  of  oiir  knowledge,  and  that  we  have  a  better 
chance  of  being  able  to  eomprehend  the  nature  of  those 
operations  of  natural  causes  which  are  tfie  subjects  of 
chemical  and  physiological  science. 

199.  I  shall-  therefore  think  our  attention  very  pro- 
perly bestowed  on  a  few  pages,  in  which  I  shall  endea* 
Toor  to  explain,  or  at  least  to  describe,  the  chief  appear- 
ances of  that  property  of  matter  by  which  many  par* 
ticles  are  umted  in  one  mass,  having  different  degrees  of 
connection,  from  the  gieatest  hardness  to  the  most  pes- 
fcct  fluidity.  It  b  usually  called  the  Power  of  Cohesioic, 
the  power  by  which  the  particles  of  tangible  matter  co- 
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here.  TbU  name  is  perhaps  as  proper  as  aaj,  and,  Ukt 
the  term  Gravity,  is  merelj  the  expression  of  what  we 
conceive  to  be  its  effect.  It  maj  indeed  be  objected  to 
this  denomination,  that  -it  does  not  seem  to  include  that 
mode  of  aggregation  that  we  call  aerial  or  gaseous,  in 
which  the  particles,  instead  of  cohering,  or  manifesting 
any  tendency  to  unite  in  one  mass,  shew,  on  the  contrary, 
a  tendency  to  separate  farther  from  one  another.  Vor 
all  such  expansive  fluids  seem  to  require  external  com* 
pression  to  prevent  this  separation.  The  objection  is  not 
improper,  and  were  it  possible  to  find  a  word  in  our  Ian* 
guage  which  would,  in  its  common  use,  include  this  rela- 
tion,  manifested  in  many  cases  between  the  particles  of 
matter,  it  should  be  preferred.  But,  unless  we  multiply 
the  denominations  of  the  properties  of  existing  matter, 
almost  without  end,  we  shall  not  find  words  sufficiently 
precise.  It  is  too  pre<iipitant  to  ascribe  the  phenomenon 
to  a  different  power  ^t  nature;,  unless  our  knowledge  of 
the,  other  is  so  distinpt'  Md  clear  that  we  are  certain  that 
this,  pheponumon  cannot  be  explained  by  any  of  them. 
Besides,  the  most  coherent  bodies  are  perhaps  similar  in 
this  respect  to  the  expansive  fluids.  That  external  pres- 
sure forces  them  into  smaller  room  we  are  certain,  by 
experience.  It  is  reasonable,  therefore,  to  believe,  thi^ 
when  the  pressure  of  the  atmosphere  is  removedt  they 
occupy  larger  dimensions,  althouj^  the  difference  is  too 
small  for  our  perception.  And,  on  the  other  hand,  there 
is,  in  all  probability,  a  certain  distance  between  the  paro- 
tides of  air,  at  which  their  evasive  or  repulsive  tendency 
ceases.  This  must  be  the  case  at  the  top  of  the  atmo- 
sphere, for  there  gravity  has  no  tendency  to  compress 
the  superficial  particles. 

200.  It  will,  on  the  whole,  be  better  to  consider  this 
.property  which  modifies  and  regulates  the  sensible  forms 
and  mechanical  relations  of  tangible  matter  more  gene- 
rally.   And;  as  its  distinctive  effects  are  immediately  re- 
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latlre  to  the  ihsettsibte  particles^  add .  hlbre  remotelj  to 
the  masses  composed  of  them^  we  maj  call  it  the  oorpvs- 
ccLAR  FORCB,  and  the  coq)Uscular  action  of  matten  ' 

201.  I  have  called  it  a  forced  meaning  by  this  term 
whatever  is  the  immediate  eattse  Of  a  change  of  motion.' 
Thai  property  by  whith  the  particles  bf  matter  cohere, 
has  ubdoubtedlj  a  title  to  this  disnomiitation.  Our  verjT 
first  conceptions  of  it  state  it  in  oj^position  to  mechanical 
force,  and  as  balandng,  to  a  certain  degree,  that  fdrce ; 
for  the  most  obvious  app^aratice  of  it  is  the  resistance 
made  to  our  attempts  to  separate  the  cohering  particles. 
We  know  that  the  partiicles  of  wood  cohere?  with  force, 
because  it  requires  force  to  sfcpardte  them  ;  and  we  give 
to  cohesion  different  degrees  of  force,  measured  bj  the 
fwcei  which  ate  just  not  able  to  separate  the  parts  of  the 
coherent  bodj.  Cohesion  pi*e8ents  Itsielf  to  us  as  a  force 
in  the  most  familiar  and  palpable  conception  of  the  term^ 
an  obstacle  that  resists  bur  strain  exerted  to  separate  the 
parts  of  the  body,  ih  the  very  same  way,  and  exciting  the 
same  feeling,  as  if  a  man  were  pulling  against  us.  But 
cohesion  has  also  every  pkHaeopkical  title  to  the  appellft* 
tion  of  Force— it  is  a  moving  force ;— for  when  I  push^or 
pull  one  part  of  a  tirm  body^  the  remote  pdrts  of  this 
body  are  put  in  motion;  althoiigh  I  have  not  exerted  any 
of  my  force  on  them.  How  is  this  effected  P  .  Solely  by 
what  I  have  called  corpuscular  actibn.  We  cannot  con^ 
eeive  an  atom  of  matter  as  moved  from  its  place  unless 
a  moving  force  acts  on  it.  There  must  therefore  be 
something  in  the  parts  to  which  I  apply  my  force,  which 
occasion^  a  moving  force  to  be  excited  in,  or  exerted  on, 
^very  particle  that  is  moved.  Did  I  apply  the  same  ex- 
ertion to  part  of  a  parcel  of  sand,  I  should  move  what  I 
acted  on,  but  no  more ;  and  I  should  infer  that  the  par- 
ticles of  sand  do  not  cohere.  The  cohesion  is  invariably 
inferred  froin  the  motion,  and  cohesion  is  conceived  as  a 
moving  force.    In  strict  language  the  word  Cohesion/ like 

VOL.  I.  o 
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GraviUtton,  Is  only  a  term  for  the  fact,  that  the  part^ 
cohere ;  but  we  have  used  it  aUo  to  express  that  power, 
that  for^,  which  produces  the  cohesion. 

We  see  plainlj  that  the  force  of  cohesion  is  susceptible 
of  degrees,  aud  that  these  are  measurable,  whether  it  be 
considered  as  a  mere  strain^  or  as  a  moving  force.  The 
cohesion  of  a  striiig  may  not  only  balance  a  strain  equal 
to  two  pounds,  while  it  yields  to  a  strain  of  three  pounds, 
but  we  find  also  that  it  is  sufficient  to  twitch  suddenly  a 
pound  ball  into  a  moderate  motion,  but  will  be  broken 
if  we  attempt,  by  a  more  violent  twitch,  to  force  the  ball 
into  a  more  rapid  motion,  or  to  force  a  larger  ball  into  an 
equal  motion.  In  these  last  instances  we  consider  cohe- 
sion as  a  movipg  force. 

The  consideration  which  now  excites  the  curiosity  of  the 
philosopher  is  the  manner,  or  the  means  by  which  a  force 
applied  to  one  part  of  an  assemblage  of  particles  mutually 
related  by  this  corpuscular  force,  affects  all  the  rest  of  the 
assemblage.  An  ordinary  observer  ^nds  no  difficulty  in 
^he  matter;  the  parts,  says  he,  cohere,  and  therefore  the 
distant  parts  are  moved.  But,  in  like  numner,  he  would 
find  no  difficulty  in  accounting  for  an  egg'^s  being  crushed 
by  a  man  standing  on  it ;  the  man,  he  says,  is  heavy,  and 
therefore  his  weight  must  crush  the  egg.  We  have  seen, 
however,  that  this  question  has  greatly  agitated  the  phi^ 
losophers,  and  that  they  are  not  yet  agreed  about  the 
cause  of  this  pressure  of  gravity.  They  cannot  explain 
it  any  other  way  than  by  calling  it  a  property  of  matter; 
imd  this  is  acknowledged  to  be  no  explanation  at  all.  So 
hM  the  question  concerning  the  cohesion  of  matter;  and 
many  and  various  opinions  have  been  entertained  about 
the  nature  of  the  force  of  cohesion  and  all  its  modifica- 
tions. But  it  is  most  probable  that  our  attempts  to  ex- 
plain it,  that  is,  to  deduce  it  from  more  simple  or  crigi- 
nal  principles,  so  as  to  be  able  to  state  cohesion  as  an  ef^ 
feet,  will  be  as  fruitless  as  they  have  been  in  the  case  of 
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grwfiijy  and  that  it  wOl  be  more  prudent  in  us  to  abstain 
from  the  research,  and  content  ourselves  with  collecting 
the  laws  bj  which  the  operations  of  this  force,  whatever 
it  is>  are  regulated.  Bj  this  procedure,  becoming  the 
modesty  of  limited  intellects,  Newton  has  enriched  science 
with  an  immense  body  of  curious  and  useful  knowledge, 
of  which  a  brief  account  has  been  given  already. 

I  shall  not  therefore  employ  any  time  in  stating  and 
refuting  many  diiTerent  hypotheses  which  have  been  prop 
posed  for  explaining  cohesion.  They  may  be  seen  in  se- 
veral performances  of  the  17th  century,  particularly  ia 
lIuschenbroek''s  posthumous  System  of  Natural  Pbilop 
sophy. 

Our  search  after  the  laws  of  cohesion  will  not  indeed 
lead  us  into  such  magnificent  scenes  of  contemplation  as 
filled  the  admiring  mind  of  Newton.  But  we  shall  find 
it  fill!  of  very  interesting  and  unexpected  objects,  objects 
,  in  which  the  beautiful  symmetry  of  nature,  and  the  tran* 
scendent  wisdom  of  its  author,  are  written  in  the  most 
legible  characters.  Examples  of  manifest  subserviency 
to  the  most  useful  purposes  will  be  seen  in  many  quarters 
of  this  varied  scene. 

203.  The  phenomena^, which  result  from  the  operation 
of  those  natural  powers  which  produce  the  cohesion  of 
tangible  matter,  are  so  various  and  even  dissimilar,  that  it 
is  not  easy  to  form  a  plan  by  which  our  inquiries  may 
proceed.  I  think  that  it  will  greatly  assist  us  in  this  respect, 
if  we  set  out  with  an  observation,  or  rather  a  conjecfure 
of  Sir  Isaac  Newton,  which  be  formed  very  early  in  life, 
and  seems  to  have  been  more  and  more  thoroughly  con* 
firmed  in  as  his  observations  of  nature  wer^  multi- 
plied and  extended.  Sir  Isaac  Newton  says,  in  the  first 
edition  of  his  Principles  of  Natural  Philosophy,  that 
as  the  distant  bodies  of  the  visible  universe  are  con* 
nected  by  graTitation^  so  the  particles  of  which  those 
bodies  conaist  are  connected  by  machanioal  forces,  which 
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kre  exerted  only  at  those  small  and  imperceptible  dis- 
tances which  determine  their  peculiar  densities ;  and,  as 
the  regular  motions  of  the  planets  are  distinctly  explain- 
ed by  considering  them  ds  iastances  of  mutual  deflections 
towards  one  another,  by  the  action  of  a  force  inversely 
proportional  to  the  square  df  thdr  distances,  so,  says 
he,  all  the  changes  which  are  observed  in  common  tan- 
gible matter  may   be   explained   by  shewing  them  to 
be  examples  of  mutual  inflections  or  tendencies  to  in- 
flection, by  the  action  of  a  force  varyirig  adcdrding  to 
some  law  of  the  distances,  which  we  may  perhaps  be 
)able  to  determine  by  means  of  the   phenomena.    He 
says  that  he  has  actually  observed  that  some  bodies  act 
on  others  without  coming  iiito  mathematical  contact,  in 
a  way  similar  to  the  action  of  magnetical  and  electrical 
bodies,  that  is,  they  somehow  cause  those  othef*  bodies  to 
approach  them,  or  to  recede  from  them,  which  phenomena 
we  commonly  call  Attraction  *  and  Repulsion.   He  has  ob- 
served, that  when  the  distance  between  them  is  less  than 
a  certain  very  minute  quantity  (about  the  800)  of  an 
inch,  the  bodies  are  uniformly  attracted, — at  a  distance 
a  little  greater  they  are  repelled,  and  at  a  distance  still 
greater,  but  within  certain  limits,  they  are  again  attracted. 
He  has  observed  several  alternations  of  this  kind  in  the 
motion  of  light,  as  it  passes  near  to  any  solid  body,  such 


*  Should  I,  in  imitation  of  Newton,  call  ihii  force  attraction,  I  do  not 
.mean  to  easplain  the  phenomena  by  attraction  at  a  phyaica]' cause,  but 
mtrely  employ  a  word,  perhaps  not  very  well  chosen,  as  a  general  term 
'for  a  very  general  phenomenon.  The  endeavour  or  eflbrt  to  approach,  and 
the  resistance  to  separation,  are  phenomena  as  much  alike  as  the  accelera- 
tion of  a  falling,,  and  the  retardation  of  a  rising  body.  They  are  so  inse* 
parably  connect^  that  we  cannot  but  consider  them  as  phenomena  of  the 
«ame  kind,  indicating  the  same  cause  or  power.  These  tendencies  are  of 
the  same  nature,  whether  the  distances  of  the  parts  so  related  be  great  or 
-small.  If  attraction  be  a  suitable  denomination  for  the  inutual  approach  of 
.distant  bodies,  it  is  no  less  suitable  to  the  resistance  which  the  touching 
particles  of  a  body  manifest  to  separation.  1  do  not  mean  to  decide  as  to 
the  cauge  of  either,  and  merely  consider  them  as  similar  phenomena. 


Digitized  by  VjOOQIC 


CORPUSCULAB  FORCES.  213 

as  a  pin^or  the  edge  of  a  ruler  or  the  like.  All  the  at* 
tempts  of  philosophers  to  explain  the  motions  of  the 
planets,  or  of  magnetical  and  electrical  bodies,  by  the 
mechanical  impulsion  of  aethers,  magnetical  and  electric 
fluids^  failed  of  this  purpose  when  eiamined  by  the  severe 
laws  of  mechanism,  and  nothing  seemed  to  remain  but  to 
acknowledge  the  agency  of  centripetal  forces,  whether 
intrinsic  in  the  central  or  in  the  attracted  body,  or  in 
both.  Sir  {saac,  many  years  after  this  first  intimation  of  his 
eonjectpre,  when  his  experiments  in  every  branch  of  na«  ^ 
toral  knowledge  had  given  him  much  more  information, 
diewing  him  this  corpuscular  action  in  a  vast  variety  of 
forms,  says,  in  his  Optics,  published  in  1706,  that  he  is 
much  disposed  to  think  that  the  phenomena  of  cohesion, 
and  all  the  hidden  motions  in  chemical  changes,  are  pro- 
duced in  the  same  way,  that  is,  by  attracting  and  re* 
pelling  forces,  which  are  exerted  only  at  those  small  and 
insensi)i>le  distances  ^hat  intervene  between  the  particles  of 
tangible  matter. 

^03.  Thut  this  was  not  a  transient  conjecture,  but 
that  it  had  the  full  assent  of  his  understanding,  is 
evident  from  the  extensive  application  that  he  makes 
of  it  to  the  explanation  of  the  most  remarkable  phe<» 
nomena  of  chemistry,  such  as  solution,  precipitation, 
ciystallisation,  fermentation,  &c.  occupying  many  quarto 
pages,  and  the  frequent  allusion  to  those  reflections  in 
other  parts  of  his  writings ;  and,  to  define  more  pre- 
cisely what  he  me^nt  by  all  this,  the  last  phenomenon 
which  be  attempts  to  explain  by  it  is  the  reflection  and 
refraction  ^f  light.  Now  this  had  been  explained  in  his 
Frineipia,  on  principles  precbely  similar  to  those  employed 
in  explaining  the  phenomena  of  the  solar  system,  viz.  by 
the  action  of  deflecting  forces.    . 

Since  Newton  considers  the  cohesion  of  tangible  mat^ 
ier  as  effected  in  the  same  way,  it  is  plain  that  he  con- 
ceived all  such  masses  as  consisting  of  a  number  of  di|^ 
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Crete  particles  or  atoms,  which  are  held  in  their  places  by 
the  balanced  action  of  those  corpuscular  forces.  In  this 
respect,  therefore,  Newton  may  be  said  to  have  revived 
the  ancient  atomistical  doctrine,  but  with  this  capital  dis- 
tinction, that  the  atoms  are  not  contiguous,  but  separated 
from  one  another. 

I  do  not  see  how  this  notion  of  the  intimate  constitution 
of  tangible  matter  can  be  entertained,  without,  at  the  same 
time,  conceiving  the  forces  which  connect  them  as  inhe- 
rent in  them,  or  somehow  belonging  to  them,  like  th^ 
itu0mnt  of  the  ancient  philosophers,  by  which  one  kind  of 
substance  was  distinguished  from  another. 

I  do  not  speak  of  what  a  philosopher  thinks,  himself 
warranted  or  obliged  to  do,  after  a  scrupulous  considera- 
tion of  the  subject,  but  of  what  he  actually  does,  in  th« 
familiar  and  unguarded  conceptions  which  he  rapidly  forms 
of  things.  I  can  only  say,  that  I  think  that  such  cohere 
ing  powers  belong  to  matter,  in  the  same  manner,  as  I 
conceive  weight  or  heaviness  to  belong  to  it. 

This  is,  unquestionably,  a  curious  subject,  and  of  great 
importance.  Besides  the  chemical  phenomena  to  which.it 
has  a  most  immediate  relation,  it  is  very  interesting  to  th^ 
mechanical  philosopher.  The  strength  of  solids^  the  com- 
munication of  motion  by  impulsion,  the  nature  of  fluid 
and  aerial  union,  and  the  modifications  of  mechanical  ac- 
tion by  this  union,  are  elementary  articles  of  his  science  \ 
and  it  would  be  &  most  pleasing  acquisition  to  be  able  to 
deduce  all  these  from  the  acknowledged  laws  of  mecha- 
nism, including  in  this  term  the  action  of  central  forces. 

204.  That  the  particles  or  ultimate  atoms  at  bodies  are 
actuated  by  forces  e  distanti^  is  rendered  probable  by 
many  well  known  facts.  All  bodies  are  susceptible  of 
compression  and  dilatation.  This  seems  incompatibte 
with  the  absolute  contact  of  the  ultimate  atoms ;  nearer 
than  contact  is  inconceivable.  This  compression  or  dx- 
^tatbn  requires  fotca  to  produce  it,  and  to  continue  it. 
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If  thb  force  is  remwed,  the  parts  resume  their  former 
distances,  and  the  mass  its  former  bulk.  This  cannot  be 
explained  by  the  fibrous  and  contorted  structure  of  bodies^ 
Allowing  GomjM^ssion  by  the  bending  of  the  fibres,  as  we 
oiMenre  in  a  piece  of  sponge.  For,  in  all  such  cases,  we 
come  to  an  ultimate  fibre :  if  this  be  bent,  the  atoms  of 
whieh  it  consists  are  brought  hearer  to  one  another  on  the 
concave  side  of  the  bend,  and  are  removed  farther  from 
one  another  on  the  convex  side^  than  when  the  fibre  re« 
gains  its  natural  shape. 

All  bodies  expand  bj  heat,  and  contract  bj  cold ;  and 
this  change  takes  place  in  all  their  dimensions  of  lengthy 
breadth,  and  thickness. 

90B.  Fluidity  under  a  great  degree  of  sensible  compres« 
lion  seems  mechanically  impossible,  if  the  particles  of  the 
uncompressed  fluids  are  supposed  to  have  been  in  abso* 
late  contact  Air  may  easily  be  reduced  into  one  half  of 
its  ordinary  bulk.  If  this  be  supposed  to  be  effected  by 
the  compression  of  its  elastic  particles,  which  may  be  sup« 
posed  spherical,  and  to  touch  one  another  only  in  single 
points,  we  must  then  suppose  that  these  spheres  are  com* 
pressed  on  each  other  into  perfect  cubes,  (because  a  sphere 
is  nearly  one  half  of  a  cube  of  the  same  height).  Now 
such  a  mass  could  no  more  have  fluidity  than  a  box  of 
Mown  bladders  when  equally  compressed.  The  particles 
must  now  be  in  contact,  not  in  single  points,  but  each  with 
the  whole  of  its  six  square  sides— yet  is  air  perfectly  fluid 
in  this  state— so  is  water,  in  any  degree  of  compression. 
Its  particles  have  never  indeed  been  compressed  into  cube^, 
touching  one  another  all  over ;  because  water  has  never 
been  compressed  into  one  half  of  its  natural  bulk.  But 
tkey  must  be  mutually  dimpled,  and  the  touching  surfaces 
exactly  fitting  each  other  like  so  many  joggles.  Such  an 
a^^emblage  could  not  be  fluid. 

But  we  have  much  more  distinct  proofs  of  mutual-forces 
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eonnecting  the  particles  of  tangible  matter,  and  acting  on 
particles  at  a  dbtance. 

206.  Flaids,  in  falling,  gather  into  spherical  drops— rain 
drops  are  most  accurate  spheres,  as  may  be  demonstrate^ 
by  the  phenomena  of  the  rainbow.  The.  angle  which  il 
makes  with  the  line  from  the  sun  to  the  spectator,  shewa 
that  the  light  is  reflected  from  an  exact  sphere.  Oil  rises 
through  water  in  spherical  drops,  wd  spreads,  on  the  sur- 
face in  an.  exact  circular  disk.  All  figures  would  be  in- 
diflferent  for  these  collections  of  particles  if  mere  coiv; 
tact  ^ere  siiifficient ;  but  the  prominent  particles  are 
drawn  aside,  or  drawn  dqwn,  just  as  the  top  of  a 
wave  is  drawn  aside  on  the  surface  of  the  ocean  bj 
the  action  of  gravity.  We  need  not,  howeyer,  snp« 
pose  that  the  attractv>n  between  the  particles  of  a  drop 
extends  to  the  distance  of  the  radius  of  the  drop — but 
seme  distance  is  necessary  for  producing  this  cJkange  of 
form,  and  any,  the  most  minute,  will  suffice.  If  nr.e  take  « 
glass  tube  of  the  shape  of  Plate  Il.fig  5.  of  ^^^th  of  an  inch  i^ 
tliameter,  and  fill  it  with  water,  it  ^iU  retMn.it,  when  hel^ 
horizontaL  But  if  we  touch  the  surface  of  standing  water 
with  the  orifice  A,  the  whole,  or  very  nearly  the  whole» 
will  run  out.  Mere  adhesion  will  not  do  this.  Iff  after 
touching  the  water  with  the  end  A,  we  gently  drew  away 
the  tube,  mere  adhesion  would  account  for  the  water  quitr 
ting  the  tube  v  but  the  effect  pow  mentioned  indicates  ^ 
force  exerted  by  the  particles  of  the  water  in  the  vessel 
^hich  draws  off  laterally  the  water  in  the  tube. 

The  mutual  adhesion  of  solid  and  fluid  bodies,  exhibita 
many  appeara];ices  in  confirmation  of  this  assertion. 

207.  If  we.  take  a  slender  glass  pipe  of  a  tapering  foriD, 
as  in  fig.  6.,  and  after  thoroughly  wetting  the  inside,  by 
causing  the  vvat^  to  run  through  it,  we  shake  all  the  war 
ter  out  of  it,  and  then  put  in  a  drop  or  two,  holding  thp 
wid^  eud  downwards,  the  drop  of  water  wiU  remain,  at  the 
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fewer  or  wid^  end.  If  we  now  hold  the  tube  borixpnUlt 
the  water  will  gradually  move  frqm  the  wide  to  the  nar. 
row  end  of  the  tube.  This  Cdn  never  ari^  from  mere. ad- 
hesion. There  i^  apme  force,  acting  from  a  distance, 
however  small  that  distance  may  be—and  the  force  is  at- 
tractive. It  may  be  nnderp tood  in  this  way.  Suppose 
that  glass  and  water  mutually  attract  eaf:h  other,  and  that 
this  action  extends  to  the  small  distance  ab  (fig.  6.) 
The  glass  of  the  fing,  whose  breadth  is  a  6,  acts  on  the 
water,  urging  it  in  the  direction  ab.  But  the  ring  de 
at  the  other  end  pf  the  drop  of  water  urges  it  in  the  oppo- 
ate  direction  dc  The  fQrce  at  the  end  a  is  to  that  at  the 
end  d  as  the  circuqfiferenc^  of  the  ring  a  fr  to  the  circum- 
ference of  the  ring  de.  Now  it  is  demonstrated  in  hy- 
draulics, that  in  order  that  two  opposite  fprces  may  be  in 
equilibrio  when  aqting  gn  the  two  ends  of  such  a  column 
of  fluid,  they  omst  be  proportional  to  the  surfaces  to 
which  they  fire, applied.*  But  this  is  not  the  case  here. 
The  forces  are  as  the  acting  circumferences,  whereas  the 
surfaces  are  as  the  squares  of  those  circumferences.  The 
force  at  the  end  d  is  not  enough  for  balancing  the  force  at 
a,  and  the  latter  must  prevail— therefore  the  water  will 
move  in  the  direction  d  a.  We  see,  by  the  w«y,  tlie  force 
is  attractive^ — had  it  been  repulsive,  the'w^ter  would  hav^ 
moved  in  the  direction  (id. 

If  we  consider  this  fact  carefully,  we  shall  see,  that  by ' 
goiQg  towards  the  smaller  end  of  the  tube,  the  length  of 
tb^  little  ^oluqin  of  fluid  is  increased.  The  surface  of 
glass  in  contact  with  the  water  is  also  increased.  For  if 
it  is  in  a  part  where  the  diameter  is  one  half  of  its  former 
magnitude,  the  length  of  the  column  must  be  quadrupled, 
and  the  touching  surface  doubled. 

206.  We  observe  water  and  other  liquids  rise  up  aU 
round  the  circumference  of  the  vessel,  forming  a  concave 
curve.  If  a  gl^ss'  pl^te  AB  {fig.  7.)  be  wetted  and 
dipped  into  still  water,  we  observe  it  to  heap  up  on  both 
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«id6s  of  the  plate,  forming  a  curve  a  fr  c,  of  a  tery  E€tL* 
sible  height  We  are  not  to  imagine  that  the  attraction 
of  glass  for  water  extends  to  so  great  adistance  as  a  c,  ot 
even  as  the  perpendicular  height  a  e  of  the  curve.  We 
shall  soon  be  convinced  that  the  extent  of  this  action  h 
too  small  to  be  measured  by  us.  It  is  probable  that  only 
a  very  small  portion,  perhaps  the  portion  d  a,  is  the  sole 
agent  As  the  water  clifiibs  up  the  side  of  the  plate,  it 
Comes  within  the  sphere  of  action  of  a  portion  still  higher, 
and  is  drawn  up  by  it,  and  the  water  thus  raised  dragft 
more  after  it,  by  the  mutual  adhesion  of  the  particles  of 
ivater,  till  the  weight  of  the  whole  is  just  a  balance  for 
the  attraction  of  the  acting  portion  il  a  of  glass  still  above 
it.  We  shall  see,  however,  by  and  by,  that  adU  not  the 
acting  portion  of  the  glass. 

K  the  plate  extends  horizontally  to  any  distance,  the 
water  rises  dong  the  whole  intersection  of  the  plate  with 
the  surface  of  the  still  water.  Thus  it  rises  all  round  in 
a  tea-cup.  The  quantity  raised  will  therefore  be  propor- 
tional to  the  horisontal  extent  of  the  intersection. 

Should  we  bring  another  plate  CD,  so  near  the  plate 
AB,  that  the  curve /g  A,  caused  by  AB,  interferes  with 
the  curve  i  k  /,  caused  by  the  plate  CD,  the  water  wiH 
rise  still  higher  between  the  plates.  It  will  rise  till  th^ 
whole  weight  of  water  raised  just  balances  the  doubled 
action  of  the  glast. 

Uniless  we  know  the  law  by  which  the  attraction  is  di- 
minished by  an  increase  of  distance,  we  cannot  say  what 
proportion  of  height  will  result  from  different  distances 
between  the  plates.  As  far  as  experiment  can  be  made 
with  precision,  it  wduld  seem  that  the  height  of  water 
between  the  plates  is  inversely  proportional  to  their  dt^ 
lance.  This  shews  that'  the  greatest  distance  at  which 
the  mutual  attraction  is  exerted  is  very  smaU,  and  in- 
comparable with  any  measurable  distance  between  the 
plates.    For,  were  it  otherwise^  tiie  water  would  rise 
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Ugher^  because  there  would  then  be  some  of  the  wat^r 
acted  Oil  by  both  plates,  and  iti  weight  doubly  diminished. 
Were  the  heights  of  the  water  accurately  proportional  to 
the  distance  between  the  plates  inversely,  we  must  inFe^ 
that  there  ts  no  sensible  portion  of  the  whole  water  im- 
mediately acted  on  by  both  plates.  Or,  in  other  words, 
the  distance  between  the  plates  is  incomparably  greatel* 
than  the  distance  at  which  water  and  glass  attract  each 
other. 

209.  thr  Brook  Taylor  describes,  in  No.  S36.  of 
the  Philosophical  Transactions,  a  very  beautiful  ex- 
pmment,  which  gives  us  a  more  accurate  mean  of  judg- 
ing in  this  matter,  and  is  indeed  the  source  of  alt  o}ir  pre« 
cise  ideas  of  this  subject. 

A  pair  of  mirror  plates  ABCD,  (fig.  8.)  are  set  in 
water.  They  join  in  the  vertical  line  AB^  and  are  se- 
parated k  very  small  matter  at  the  other  end  CD,  thus 
forming  two  vertical  planes  inclined  to  one  another  in  k 
very  small  angle.  The  water  rises  betweeh  them,  and  iti 
upper  surface  forms  a  very  exact  hyperbola  k  am^of  which 
AB  and  BC  are  the  two  assymptotes.  Let  e  d  and  g  h 
be  equal  small  portions  of  BC,  and  then  ah  t  d  and  e  g  hf 
wiQ  be  two  columtis  of  water  supported  by  the  attrac- 
tion. Let  the  angle  formed  by  the  plates  be  represented 
by  the  plan  KBC.  The  sections »ed% and  yghxot  the 
supported  columns,  are  evidently  proportional  to  the& 
distances  from  B.  By  the  nature  of  a  hyperbola  the 
heights  a  c  and  e  g  ate  in  the  inverse  proportion  of  B  c 
and  B  g.  Therefore  the  quantities  of  water  in  the  two 
columns  are  equal,  and  theit  weights  are  equal. 

This  is  a  valuable  experiment,  because  it  states  with  sd 
much  accuracy  the  relation  between  the  heights  of  the 
columns  and  the  distances  of  the  plates.  We  also  learn  from 
it,  that  the  whole  touching  surfaces  acdh  and  eghftn 
not  actitig  in  the  elevation  of  the  water.  For  the  weight 
raised  ii^  the  •true  meaiure  of  the  forc^  in  actiob^  beeausa 
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it  precisely  balances  it  Now  ttle  weight  is  the  same  in 
these  two  columns,  while  the  surfaces  in  contact' with  the 
>frater  are  unequal  in  anjr  degree.  We  ^  most  grant  that» 
over  the  whole  touching  surface,  there  is  the  simple  adhe* 
stofif  and  this  ma/  be  proportional  to  tlie  surface.  But 
we  9ee  that  this  is  not  th6  proportion  of  the  action ;  for 
the  aptipns  are  equal,  since  the  balancing  forces,  the 
weights  of  the  columns,  are  ^quaK 

210.  There  seems  to  be  but  one  way  of  accounting  fof 
this.  If  ^e  suppose  that  only  a  very  piinute  portion  of 
the  surfaces  ac  db,  and  e g  A/ act  on  the  water,  either  a 
small  parallelogram  adjoining  to  c  d  and  g  A,  or  adjoining 
to  a  &  and  e/,  th^n  those  being  equal,  their  actions  will 
be  equal,  and  will  balance  equal  weights  of  water^,  as  is 
actually  the  case.  We  certainly  cannot  takfi  this  acting 
portion  in  any  intermediate  part  of  the  cohesion,  because 
there  is  no  part  distinguishable  from  another  by  any  cir- 
cumstance of  its  situation,  except  the  extremities  of  the 
column.  Dr  Jurin,  fo;*  reasons  that  will  soon  be  men- 
tioned, supposes  that  the  acting  portions  are  adjoining  tp 
a  h  and  e/,  (see  his  Dissertations  in  the  Philosophical 
Transactions,  Np.  355,  &c.)  And  he  has  been  followed 
by  the  greatest  part  of  those  who  have  consider^  this 
subject  But  we  shall  find  it  much  more  probable  that 
it  is  at  the  very  bottom  of  the.  column  that  the  acting  por- 
tions of  the  plates  are  situated.  Indeed  the  greater  pro- 
bability of  thi^  may  be  inferred  frqm  the  great  obliquity 
of  the  hyperbola  in  the  vicinity  of  the  assyipptote  AB. 
The  line  a  6  is  not  nearly  equal  to  efy  a  circumstance 
which  seems  necessary,  if  the  acting  portion  were  imme- 
diately adjoining  to  the  surface  of  the  water.  But  we 
shall  presently  see  much  more  cogent  reasons. 

If  we  make  the  breadth  g  h  o(  the  section  of  a  co- 
lumn equal  to  gy,  the  distance  between  the  plates  at  that 
place,  the  section  yg  hx^^J  be  considered  as  a  square. 
Suppose  this  to  be  the  section  of  a  square  pipe  of  glass. 
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K  it  be  true  that  it  is  only  a  minute  portion  of  the 
touching  glass  which  supports  the  wdter,  and  if  this  be 
ihcomparablj  less  than  the  distance  betw^ri  the  plates, 
then,  whether  this  be  at  the  top  or  bottom  of  the  sup- 
ported column,  we  should  expect  the  water  to  stand  twice 
as  high  in  the  square  pipe  as  between  the  plates  where 
the  section  is  the  same.  For^  in  case  of  the  plates,-  the  acting 
surfaces  are  onlj  the  two  sides  y  x  sud  g  k ;  but  in  the  pipe, 
we  have  the  whole  periphery  yg  hxin  action.  This  hie- 
ing double,  should  support  a  double  weight  of  water,  and 
therefore  a  double  height.  This  experiment  cannot 
easily  be  made,  as  such  a  pipe  can  scarcely  be  had.  But 
a  cylindrical  pipe  will  do  quite  as  well.  For  if  the  dia- 
meter of  the  round  pipe  be  equal  to  the  side  of  the 
square  one,  the  proportion  of  the  two  peripheries  is  pre- 
cisely the  same  with  that  of  the  two  sections. 

I  have  made  this  experiment  with  the  greatest  care, 
and  I  find  that  this  expectation  is  completely  answered. 
The  water  is  supported  twice  as  high.  This  is  a  mo- 
mentous experimetit.  It  has  been  long  observed,  that 
water  is  raised  in  slender  pipes  to  heights  which  are  in- 
versely as  the  diameters,  so  far  agreeing  with  the  plates. 
This  experiment  completes  the  agreement. 

211;  Here  then,  in  slender  pipes,  we  hare  another  means 
of  measuring  the  natural  force  employed  in  supporting  the 
liquid.  The  heights  of  the  liquid  are  inversely  as  the 
diameter  of  the  pipes.  The  sections  of  the  pipes  are  di- 
rectly as  the  squares  of  the  diameters.  Therefore  the 
quantity  of  water,  or  the  weights  supported,  are  directly 
as  the  diameters.  The  surfaces  in  contact  with  the  water, 
and  therefore  the  simple  adhesion,  are  equal  in  them  all. 
Here,  therefore,  we  have  another  incontestible  proof  that 
the  whole  surfaces  are  not  acting  in  supporting  the  water. 
In  the  plates,  the  weights  supported  were  equal  in  all  the 
columns^  atid  the  surfaces  were  unequal  in  any  degree. 
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Ip  the  pipes,  the  adhering  surfaces  are  e(](ual  In  tbem  allj 
but  the  weights  supported  are  unequal  in  any  degree. 

All  will  be  reconciled,  if  we  suppose  that  it  is  only  ai 
small  portion  of  the  touching  surfaces  that  is  effectual  ia 
supporting  the  water — ^a  narrow  parallelogram  adjoining 
to  a  b  or  cd^  perhaps  not  the  100th  of  an  inch  in  breadth. 
This  being  equal  to  gh^  eqUal  weights  are  supported. 
This  in  the  pipes,*  being  a  narrow  ring  at  the  top  or  bot-^ 
torn,  is  proportional  to  the  diametei";  and  weights  of  wa^ 
ter  in  this  verj  proportion  are  supported.  * 

I  hoped  to  find  some  comparability  between  the  distance 
at  which  thi&  attraction  is  exerted  and  the  distance  be* 
tween  the  plates^  by  the  form  of  the  curve  kam.  I  found 
it  to  be  a  very  accurate  hyperbola  as  far  as  the  distance 
between  the  plates  exceeded  g  J^th  of  an  inch.  This  was 
inferred  from  the  distance  from  AB  where  the  curve  he^ 
gan  to  deviate  from  the  hyperbola,  and  the  distance  of* 
the  plates  at  the  other  end  DC.  I  ascribed  the  deviation 
from  the  hyperbola  in  smaller  distances  to  the  action  of 
the  attractive  force  of  the  tw6  plates  interfering  and  being 
exerted  on  the  same  particles  of  water.  But  I  was  misr 
taken.  The  deviations  in  these  small  intervals  were  quitef 
anomalous,  and  were  greatly  changed  by  the  most  trifling 
changes  of  distance  at  DC^  and  were  uniformly  greater 
in  some  places  than  in  others.  1  found  at  last,  that  the 
cause  of  deviation  from  the  hyperbolic  curve  was  the  want 
of  perfect  flatness  of  the  plates — the  inequalities  of  their 
surfaces  bore  a  sensible  proportion  to  the  1 900th  part  of  an 
inchi  Employing  two  plated  made  by  Dollond,  and 
finished  in  the  moqt  perfect  manner,  I  found  the  hyperbola 
sttictly  preserved,  as  far  as  I  could  perceive  the  coloured 
liquor  that  was  between  the  plates.  In  these  very  small 
intervals,  it  is  perceived  with  difficulty* 

It  deserves  remark,  that  in  making  this  experiment, 
the  plates  aeon  to  attract  one  another  with  eonsiderabk 
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forte.  When  the  thin  wedge  which  separates  the  edges 
DC  is  drawn  out^  we  find  that  it  is  strongly  pressed  bj 
theixH  and  they  close  with  each  other  as  it  is  drawn  out, 
and  it  is  difficult  to  get  another  wedge  introduced.  This 
is  undoubtedly  owing  to  the  mutual  attraction  of  the  glass 
aad  the  fluid. 

218.  This  phenomenon  of  the  rise  of  water,  or  other 
liquids*  in  slender  pipes,  has  long  engaged  the  attention 
of  philosophers  under  the  denomination  of  capillaey  at-* 
TRACTION  ;  being  so  named,  because  it  b  sensible  only  in 
pipes  whose  bore  is  extremely  small,  little  exceeding  the 
diameter  of  a  hair.  It  has  been  much  studied,  both  be« 
cause  it  b  curious,  and  because  it  has  a  very  extensive 
and  multifarious  influence  on  many  important  operations 
of  nature  in  our  sublunary  world.  To  this  it  is  owing^ 
that  the  rains  which  fall  in  the  high  grounds  do  not  im* 
mediately  run  down  to  the  sea  with  continually  increasing 
Yeiocity,  but  are  retained  by  the  soil,  and,  slowly  filter* 
ing  down  through  it,  are  delivered  in  the  springs  and 
fountains  at  the  foot  of  the  hills,  so  as  to  afibrd  a  constant 
and  nearly  uniform  supply  of  moisture.  By  capillary 
attraction  does  the  oil  or  melted  tallow  rise  slowly  through 
the  wick  of  a  lamp,  where  it  is  converted  into  steam  bj 
"the  heat  of  the  surrounding  flame,  and,  blowing  out  in 
all  directions  from  the  wick,  is  set  on  fire  when  it  reaches 
the  surrounding  air.  There  orUy  is  it  inflamed,  although 
we  generally  suppose  the  whole  space  luminous.  But  it 
is  only  a  luminous  film.  By  capillary  attraction  the  juices 
of  the  soil  are  taken  up  by  plants  and  carried  to  the  re- 
motest leaf,  where  they  are  partly  evaporated,  as  the  oil 
19  dissipated  from  the  wick  of  the  lamp.  By  capillary 
attrsction  is  the  lymph  and  other  fluids  taken  up  and 
transported  to  all  parts  of  the  animal  body.  No  doubt 
the  organical  structure,  both  of  plants  and  animals,  is 
also  concerned  in  the  motion  of  the  sap  and  the  animal 
juices;   but  we  are  certain^  by  numerous  observations^ 
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that  much  of  this  is  effected  by  mere  cdpSlary  altractiork 
It  is  solely  by  this  that  a  piece  of  dry  wood  absorbs  a 
great  deal  of  moi3ture,  itod  svtrells^  With  almost  irresisti- 
ble force. 

213.  Subh  influence  in  the  operations  df  nature  justify 
the  attempts  of  the  philosophers  to  acquire-  a  more  pre- 
cise aiid  cohfident  knowledge  of  this  operation.  I  have 
Already  obsefved*  thitt  Dr  JUrin  was  the  fir^t  who  gave 
any  informatibn  oh  which  an  opinion  can  be  formed.  The 
ingenious  Dr  Hobke,  indeed,  had,  before  this  time,  spe- 
culated on  the  Subject,  and  attempted  to  explain  the  phe- 
nomena by  a  principle  which  he  called  congiruitj/.  But 
men  were  not  very  familiar  thfen  With  the  accurate  logic 
that  is  required  in  all  philosophical  disquisition,  and  Dr 
Hooke  had  little  success  in  his  endeavours.  Dr  Jorin 
reasdn&d  more  consequetiti&llyy  from  the  beautiful  exf^ri- 
ment  of  Dr  Brook  Taylor,  and  its  correspondence  with 
the  rise  df  water  in  capillary  tubes.     (See  Phil.  Trans. 

vol.  XXX.) 

Suppose  two  ttibdj  AB^  AB  (fig.  9.  No.  1.  &  2.)  which 
itipport  the  water  at  heights  inversely  as  their  diameters. 
Dr  Jurin  maintains,  that  the  water  is  supported  entirely  by 
the  action  of  the  ring  B  c  imtnediately  tibove  the  surface  of 
the  water,  B  c  being  supposed  the  greatest  distance  at  which 
the  mutual  attraction  is  exerted.  For,  says  he,  this  is  the 
only  part  of  the  tube  from^  which  the  water  must  recede 
tipon  its  subsiding,  and  therefore  the  only  one  which,  by 
the  force  of  its  cohesion  or  attraction,  opposes  the  de^ 
<cent  of  the  water.  To  make  this  more  manifest,  he  bids 
«ts  suppose  the  tube  to  be  divided  into  squares  B  </,  d  e, 
efy  &c.  equal  to  B  c.  The  glass  in  B  c  attracts  the  water 
in  B  d  upwards.  It  U  attracted  downwards  by  the  water 
f  n  d  e.  This  being  inferior  Xo  the  action  of  the  glasjt 
above  it^  the  water  is  supported.  In  every  other  part  cff 
the  tube,  such  as  ef,  the  water  is  equally  attracted  both 
upwards  and  downwards,  and  is  not  sensibly  affected  bj 
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tliQse  Bdiong.  The  whole  weight  is  therefbre  carried  bj 
the  ring  B  c»  aided  bj  the  mutual  adhesion  of  the  partt- 
des  of  the  water.  It  will  therefore  be  supported  at  anj 
height,  provided  that  this  n^utual  adhesion  be  equal  to  the 
weight  of  tlie  column. 

In  support  of  this  reasoning,   he  observes,  that  the 
height  at  which  the   water  will  be  supported  depends 
cntirel  J  cui  the  diameter  of  the  upper  orifice,  whatever  maj 
he  the  width  of  the  tube  below,     Thus,  in  fig.^9.  No.  S. 
the  water  is  supported  at  the  sapne  height  as  in  No.  1.  aU 
though  the  lower  part  of  the  tube  is  smaller*    In  No.  4. 
the  water  is  tupparted  at  the  same  height  as  in  No.  2.  al- 
though it  would  have  been  raised  only  to  h  hj  the  lower 
pert  of  the  tube.     It  is  remarkable,  that  in  a  tube  formed 
like  No.  4.  the  witter  stands  at  the  same  height,  although 
the  loif  er  part  of  the  tube  b^  of  any  width,  even  several 
inches,  provided  that  the  upper  orifice  at  B  is  of  the  pro* 
per  diameter ;  and  this  obtains,  even  though  the  appara- 
tus is  placed  under  the  receiver  of  an  air  pump.     The 
water,  therefore,  is  not  supported,  as  was  asserted  by 
some,  by  the  pressure  of  the  air.    Others  maintained- that 
the  water  was  supported  in  the  wide  part  of  the  tube,  by. 
its  adhesion  to  the  arch  ioiimediately  below  the  slender 
tube.    But  a  curiom  experiment  of  D^  Jurin'^s  seems  to 
overturn  this  account.    If  the  wide  part  of  the  apparatus 
No»  5.  be  filled  with  water  up  to  D,  very  near  the  arch, 
^ad  kept  there  by  shutting  the  tube  at  the  bottom.    Then 
let  a  sing^  drop^  of  water  enter  at  the  top,  and  set  the  ap- 
paratus into  the  water  in  the  cisteru,  and  open  the  tube 
below.     The  drop  let  into  the  upper  orifice  will  occupy 
the  w|ioIe  of  the  slender  tube,  and  the  water  will  remain 
9t  the  height  to  which  it  was  filled,  though  it  do  not  come 
in  contact  with  the  arch.     Tlie  whole  seems  still  to  be 
supported  by  the  action  of  the  upper  orifice. 

Such  is  the  reasoning  by  which  Dr  Jurin^s  theory  is 
tupported*     It  is  undoubtedly  very  specious^  and  it  oh* 
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tained  the  readf  aequieseence  of  alV  the  naturalrats:  Mr 
Hawksbee  has  taried  the  expetimenta  in  manjr  ways,  and 
a  multitude  of  others  haye  been  added  by  Bulfinger  in* 
two  long  dissertations,  inthe  Petersburgh  Commentaries. 
Mr  Achard  also,  of  the  Berlin  Academy,  has  added  manf 
more,  arid  philosophers  were  satisfied: 

214.  Yet  the  theory  is  certainly  erroneous  in  its  first 
}irincrples.  Granting  that  the  particles  of  water  in  the 
uppermost  r^ng  d  B  are  attracted  upward  by  the  glas»  iff 
t4i6  ring  Bo  above  them,  it  must  be  as  much  attracted 
downward  by  the  glass  in  the  ring  de.  The  attraction  of 
this  ring  cannot  be  supposed  to  cease  when  the.  water  has 
passed  it.  If  the  whote  tubes  from  end  to  end  be  diTid<« 
ed  into  portions  equal  to  B  c,  the  water  is  in  equilibrio  (ia 
respect  of  this  attraction  by  the  glass)  in  every  part  of  the 
iube,  except  the  lowest  portion  ?»  n.  For  every  other 
portion  has  an  equal  ring  of  glass  above  and  below  it. 
Therefore,  if  there  be  any  truth  in  this  mutual  action  of 
glass  and  water,  this  theory  of  capillary  attraction  is  in 
Consistence  with  it.  Let  us  consider  the  consequences  of 
this  action  a  little  more  particularly. 

215.  Let  C  F  (fig.  10.)  be  a  glass  tube,  lying  horizon- 
tally, and  containing  water,  or  any  liquid  that  it  attracts, 
between  A  and  B,  and'  let  us  suppose  that  the  mutual  at- 
tractions of  glass  and  water  extend  to  the  distance  AC  or 
BD.  The  water  in  this  tube  will  continue  at  rest,  being 
as  much  attracted  in  the  direction  BA  by  the  glass  in  AC, 
as  it  is  attracted  in  the  direction  AB  by  the  glass  in 
BD. 

Suppose  now  that  the  tube  is  cut  through  at  A  as  in 
No.  2.,  by  this  the  equilibrium  of  the  water  is  destroyed, 
there  being  no  force  now  to  balance  the  attraction  of  BD. 
The  water  will  therefore  he  carried  in  that  direction, 
and  will  be  again  in  equilibrio,  when  it  gets  into  the  si- 
tuation ED.  It  will  then  be  equally  acted  on  by  AE 
end  DP.     In  this  manner  the  water  may  be  made  to  re- 
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move,  in  the  direction  AB,  as  far  as  we  please  by  con- 
tinually  cutting  oflT  the  attracting  ring  at  one  end. ' 

This  attraction  has  a  limited  force,  and  may  be  balanced 
by  any  opposite  force.  It  may  be  balanced  by  the  force  of 
gravity,  by  holding  the  pipe  upright,  as  in/No.  3.  or  better, 
as  in  No.  5.  by  making  the  tube  bend  upward.  The  tube 
being  cut  off  at  A,  and  the  water  having  retreated  into 
(he  space  ED,  we  may  suppose  water  added  by  the  other  end. 
This  win  make  no  change  in  £A  till  the  leVel  part  of  the 
tube  be  filled, — then  the  addition  will  begin  to  push  the 
water  from  E  toward  A,  and  will  reach  A  when  the  weight 
of  the  column  GH  is  equal  to  Ihe  attraction.  In  this 
condition  of  the  apparatus,  the  whole  is  supported  (agree- 
ably to  Dr  Jurin^s  opinion)  by  the  attraction  of  HI,  unba- 
lanced by  any  attraction  at  A.  If  the  weight  of  the 
water  in  AB,  No.  3.  is  just  equal  to  the  attraction  of  AC 
or  BD,  then,  when  the  tube  is  held  upright  the  water 
will  descend,  till  it  arrives  at  the  mouth  of  the  pipe,  oc« 
cupying  the  space  C  d.  The  weight  of  the  water  is  then 
in  equilihrio  with  the  attraction  of  the  glass  in  B  d.  But 
it  is  not  the  attraction  of  Bd  that  supports  it;  for  Bd 
acts  only  on  the  water  in  de;  for  the  water  in-  ct e  is  as 
much  attracted  downward  by  the  glass  in  B  d.  And  if 
we  examine  every  portion  of  the  tube,  we  find  the  water 
in  the  same  state  of  equilibrium,  excepting  the  lowest  por- 
tion AC.  This  is  attracted  upward  by  the  glass  in  AE, 
without  any  opposite  attraction  to  balance  it.  It  is  ba* 
lanced,  only  by  the  weight  of  the  water  between  c  and  d. 
This  weight  is  supported  by  the  attraction  of  the  glass  in 
EA  for  the  water  in  AC.  We  may  suppose  this  little 
portion  of  water  in  AC  to  become  ice,  without  adhering 
to  the  tube,  and  without  any  change  in  the  attracting 
forces.     It  will  then-  perform  the  office  of  a  moveable 

plug,  loaded  with  the  water  in  A  d',  and  supported  by  the 

attraction  of  the  glass  in  AE. 
Wben  things  have  been  thus  adjusted,  bring  the  lower 
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orifice  of  the  pipe  into  contact  with  the  surface  G^  of 
standing  water,  a9  in  No.  4.  The  water  below  it,  which 
was  formerly  in  hydrostatic  equiiibifio,  and  at  rest,  is  now 
attracted  upwards  by  the  glass  in  CA,as  much  as  the  water 
in  CA  is  attracted  by  the  glass  in  AE.  Thus  there  are 
now  two  portions  of  wat^,  viz.  ACC'A',  aqd  CIKC\ 
which  are  attracted  upwards  by  the  glass  in  CA  ^d  AE. 
Let  g  represent  the  attractipn  of  glass  for  water.  There 
is  now  a  force  2  g^  acting  ypward?,  in  the  place  of  the 
force  g  which  operated  before.  This  should  support- 
twice  as  much  weight,  fnd  the  ^ter  should  now  stand 
twice  as  high  as  before. 

But  thn*!?  is  uow  brought  into  a^ion  another  force,^ 
which  did  not  exist  before.  The  water  in  the  portion  ^C 
of  the  tube  is  attracted  downwards  by  ^e  water  CIKC 
in  the  cistern.  Let  w  express  the  force  with  which  the 
water  in  AC  is  attracted  hf  the  ^ater  CIKC  in  the  cisr 
tern.  The  whole  force  which  now  acts  on  the  water  i^ 
the  tube  is  the  force  2  g^  acting  upwards,  and  the  forces 
p  acting  ^ownward^.  Therefore  the  height  to  which  the 
^ater  will  be  raised  will  be'  such  that  its  weight  i^ 
^2g  —  w, 

216.  Hence  it  plainly  fallows,  that  if  the  mutual  at- 
traction of  water  for  water  be  any  thing  ItM  than  twice  th^ 
(Attraction  of  wat^  for  glqss^  it  will  stand  higher  withia 
the  tube  than  without  it  If  w  be  merely  equal  to  2g^ 
the  water  will  be  on  the  same  level  both  within  and  with-r 
put  the  tube.  We  leera  here,!  thi^t  we  m^st  not  infer, 
from  the  rise  of  fluids  in  slender  pipes,  that  their  particle* 
4ittrac.t  each  pther  more  feebly  than  they  attract  the  par- 
ticles of  the  pipe,  which  is  th^  general  opinion.  We  are 
entitled  only  tq  infer,  that  the  attraction  of  the  particles 
pf  th^  flui4  is  not  twice  a^  grejat  as  t^eir  attraction  for 
those  oif  the  pipe. 

Such  are  the  genuine  consequences  of  a  mutual  attrao- 
^on  between  the  particles  of  a  liquid  and  those  of  a  solid. 
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fhh  attraction  is  unquestidnable,  and  therefore  this  theory 
of  the  rise  of  water  in  capillary  tubes  must  be  admitted, 
in  preference  to  Dr  Jurin'^s,  which  is  incompatible  with 
the  very  principle  by  which  the  author  thought  it  estab** 
Ibhed. 

217.  This  explanation  of  capillary  attraction  was  first 
proposed  by  the  celebrated  Mr  Clairaut^  in  his  disserta- 
tion on  the  Figure  of  the  Earth,  published  in  the  year 
1743.  But  it  lay  there  unnoticed  by  naturalists  not  much 
convo'sant  in  mathematical  disquisitions.  Indeed,  it 
comes  in  so  incidentally,  and  is  so  slightly  mentioned, 
that  it  does  not  seem  to  have  iarrested  the  notice  even  of 
mathematicians.  Lalande  first  took  particular  notice  of 
it,  and  published  it  in  a  small  duodecimo  pamphlet  in 
1770.  It  does  not  seem,  eten  yet,  to  be  very  generally 
known. 

218.  Bdth  Mr  Clairabt  abd  Mr  Lalahde  Consider  capiU 
lary  attraction  as  a  case  of  universal  gravitation  ;  but  this 
is  certainly  a  mistake.  Were  it  gravitation^  a  fluid  would 
stand  above  the  level  of  the  cistern  only  when  it  is  less 
dense  than  the  pipe.     Now,  we  know  that  water  will 

*  stand  higher  in  a  small  quill  than  the  water  in  the  cistern. 
Were  it  gravitation,  a  glass  pipe  would  support  different 
fluids  at  heights  inversely  proportional  to  their  density. 
This  is  far  from  being  the  case.  A  very  slender  pipe  sup- 
ported the  different  fluids  as  follows :  * 

Inch. 

Oil  of  turpentine 1,35 

.    Spirits  of  wine 2,5 

Water '6,5 

Caustic  vol.  alkali 6,25 

Solution  of  sal  ammoniac 8,07 

This  attraction  must  therefore  be  considered  as  a  specie 


*  See  NoTS  I.  at  the  end  of  the  volumei 
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^c  mechanical  a&nity  analogous  to  chemical  affioUiea  ot 
elective  attractions ; — It  is  different  in  different  substances  ^ 
for  the  same  kind  of  glass,  and  in  different  kinds  of  glass 
for  tlie  same  fluid. 

219.  If  a  glass  pipe  be  plunged  into  mercury,  the  fluid 
is  lower  within  the  pipe  than  without  it.  This  shews  that 
the  attraction  of  the  particles  of  mercury  for  each  other 
is  more  than  twice  as  great  as  their  attraction  for  the 
glass.  When  two  glass  plates  are  set  in  mercury,  it  forma 
a  curve  convex  upwards,  lower  than  the  surface  of  the 
mercury  in  the  cistern. 

220.  It  will  naturally  be  asked  here,  how  it  happens, 
•as  inDr  Jurin's  experiaients,  that  th^  height  at  which  the 
water  is  supported  depe^4s  so  expressly  on  the  size  of  the 
upper  orifice,  and  not  at  all  09  that  of  the  lower  orifice  ? 

It  has  been  already  explained  how  this  attraction  causes 
ft  drop  of  water  to  move  from  the  wide  to  the  narrow  end 
of  a  tapering  tube.  Now,  it  is  a  matter  of  observation,  that 
if  we  take  a  glass  syphon  ABC  (fig.  11.)  having  the  legs 
of  different  calibres,  but  both  capillary,  and  put  water 
into  it,  the  water  will  stand  so  in  the  two  legs,  that  the 
elevation  of  the  surface  C  in  the  smaller  leg  above  the 
surface  A  in  the  larger,  is  precisely  equal  to  the  difference 
between  the  heights  at  which  each  of  the  legs  would  have 
.supported  the  water  above  the  level  of  the  cistern.  Sup- 
pose that  the  smaller  leg  would  have  raised  water  to  a 
height  m,  and  the  larger  to  the  height  n,  then  the  eleva- 
tion C  a  will  be  m  —  n.  This  experiment,  whi^h  has 
been  often  repeated,  may  be  received  as  a  sufficient  proof, 
that  a  contraction  of  the  diameter  in  any  part  of  the  ca* 
piilary  canal  is  always  accompanied  by  an  excess  of  at- 
traction directed  to  the  narrow  part  of  the  canal.  Here 
•we  have  a  measure  of  that  excels,  and  it  corresponds 
precisely  with  the  measure  that  was  deduced  from  the 
principles  of  hydraulics.  To  apply  this  to  the  present 
question,  suppose  two  capillary  tubes  a  and  b  (fig.  12.) 
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and  tiukt  a  sufpnU  water  to  tbe  height  AM,  which  we 
shall  call  1l^  while  the  wider  tube  b  supports  it  ooly  to  the 
height  ANy  which  we  shall  call  9t.  Let  the  tube  C  have 
its  lower  part  AB  of  the  same  bore  witli  the  tube  hf  and 
il3  upper  part  BM  of  the  same  bore  with  tbe  tube  «• 
Let  the  fourth  tube  d  have  its  lower  calibre  equal  to  that 
of  a,  and  its  upper  have  the  calibore  b. 
-  At  tbe  lower  orifice  of  the  tube  c  tbpre  is  4  ferce  n  actr 
ing upwards.  At  B  there  is  a  force  m^^n  also  acting  up*- 
wards.  Add  these  two  to^ther»  and  their  mm  is  the 
compound  force,  and  measures  tbe  height  to  which  the 
water  will  be  raised.  Now  the  sum  of  n  and  m  -—  n  is  m, 
and  therefore  the  water  will  be  raised  to  the  same  height 
bj  c  and  by  o.* 

At  the  lower  orifice  of  the  tulie  d  there  is  a  force  m 
acting  upwards.  At  the  point  B  there  is  a  force  m  —  ti 
acting  downwards.  The  difference  of  those  two  forces  is 
the  measure  of  the  compound  force,  and  of  the  height  to 
which  tbe  water  will  be  raised.  Now  the  difference  of  m 
and  91  —  It  is  n,  and  the  water  will  be  raised  to  tbe  same 
height  in  the  tubes  d  and  b. 

22L  Thus  it  is  manifest  that  the  phenomena  which 
gave  such  authority  to  the  theory  of  Dr  Jurin  are  perfect- 
ly consistent  with  Mr  Clairaut'^s  theory.  Dr  Jurin  was 
also  mistaken,  I  think,  in  saying  that  the  water  was  not 
sustained  in  the  wide  vessel  termi&ating  above  in  a  capil« 
lary  tube  by  the  adhesion  to  the  arch  of  the  wide  part. 
It  is  very  true  that  his  experiments  succeeds,  as  he  says, 
where  a  small  part  just  adjoining  to  the  arch  is  left 
empty.    But  this  ha[^ea$  only  under  the  pressure  of  tlie 


*  Here  it  must  be  noted  that  in  order  to  raUe  the  Water  by  this  tulie  to 

tbe  height  of  A M,  it  is  neoeswry  that  AB  do  not  exceed  AN  of  the  tube  ft. 

Wherever  tbe  contraction  B  l8«  the  water  will  be  supported  at  the  height 

AM,  provided  that  the  tube  be  pcevioQsIy  filled  with  water.     It  will  sink 

till  the  height  of  tbe  recnaioing  column  be  AM.    But  the  empty  tube  wiU 

rmte  it  no  higher  than  AN  of  the  tube  6. 
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air.  If  the  apparatus  be  in  an  exhausted  redeiter,  tM 
water  will  descend  in  the  wide  part,  which  it  will  not  do 
if  the  apparatus  be  flill  of  liquor^  so  as  to  be  in  contact 
with  the  whole  of  the  arch.  It  will  not,  indeed^  eveii 
theni  remain  long  suspended.  For,  in  vacuoi  a  quantltjr 
of  air,  which  had  been  chemicallj  united  with  the  water 
is  detached  from  it,  and  gets  to  the  top.  As  soon  as  k 
bubble  gets  to  the  lower  orifice  of  the  capillary  tube,  the 
water  in  the  wide  part  of  the  apparatus  descends.  The 
adhesion  of  the  top  6f  a  lateral  colutnn  of  water  to  the 
arch  is  abundantly  able  to  cany  its  weight,  for  it  is  al- 
most immensely  greater  than  the  attraction  of  the  in- 
finitesimal ring  of  the  capillary  tube  in  the  middle,  which, 
according  to  Dr  Jurih,  supports  the  whole.  If  air  were 
toot  disengaged  in  the  manner  now  mentioned,  I  hare  no 
doubt  but  that  the  water  would  be  supported  in  vacuo  tb 
the  height  of  many  feet  We  see  mercury  supported  to 
the  height  of  70  inches. 

822.  This  subject  seemed  to  m^rit  a  particular  discus- 
sioh  on  account  of  its  *  manifold  influence  On  naturiil  ope- 
rations, as  well  as  because  it  is  a  very  good  example  6f 
the  corpuscular  forces,  susceptible  of  measure,  and  of 
mathematical  consideration.  It  rectifies  our  judgments 
concerning  the  intensity  or  magnitude  of  the  attractive 
force  of  the  particles  of  water  and  other  liquids.  We 
are  disposed  to  consider  this  as  Extremely  small,  because 
we  find  it  so  easy  to  separate  one  parcel  of  water  from 
another.  But  this  separation  does  not  give  us  the  smallest 
infornuitioh  on  this  point,  and  the  mutual  cohesion  Of 
two  particles  of  water  may  be  as  great  as  that  of  two 
particles  of  steely  for  any  thing  that  we  know  to  the  con- 
trary. The  phenomena  of  capillary  attraction  shew  it  to 
be  very  considerable. 

A  pipe  of  one-tenth  of  an  iilch  in  diatneter  supports  a 
column  of  nearly  half  an  inch  in  height    This  weighs 
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me  grab^i  This  is  supported  bj  the  action  <>f  a  iing  of 
glass,  whose  breadth  cannot  exceed  the  8000th  part  of  aH 
inch,  (naj  it  is  probable  that  it  b  aknost  incomparably 
less)  and  which  is  one-eighth  of  an  inch  in  circunuference 
nearly.  The  surface  of  it  is  therefore  nearly  i^ys^syth  of 
an  inch,  and  the  adhesion  of  water  to  a  square  inch 
would  be  1,333,333  grains,  or  190  pounds  avoirdupois. 
But  this  is  far  from  being  the  just  measure  of  the  mutual 
attraction  of  the  parts  of  water.  It  is  only  the  difftrence 
heiweem  tkU  attracHon  and  twice  the  attraction  of  water  for 
gloBs.  It  may  be  but  a  very  minute  portion  of  the  mu-* 
taal  attraction  of  the  parts  of  water,  and  I  am  much  dia* 
posed  to  think  that  this  is  the  case.  When  the  almost 
absolute  incompressibility  of  water  is  compared  with  the 
other  phenomena  of  cohering  matter,  and  the  whole  con** 
sidered  in  the  manner  that  will  be  unfolded  by  degrees, 
I  apprehend  that  we  are  well  warranted,  nay  obliged,  to, 
draw  this  conclusion. 

323.  The  parts  of  water  are  easily  separated,  because 
they  are  easily  made  to  slide  over  each  other,  as  will  be 
particularly  explained^  when  we  come  to  consider  the  me- 
chanism of  liquid  aggregation.  This  mutual  attraction 
extends  to  a  very  minute  distance,  and,  when  the  par- 
ticles are  so  far  separated,  they  attract  no  more.  Sup- 
pose gravity  to  extend  only  a  foot  from  the  surface  of  the 
earth,  and  suppose  that  it  is  covered  with  balls  of  a  foot 
diameter,  which  attract  each  other  with  any  enormout 
force.  If  we  take  one  of  these  balls  in  our  hand  and 
raise  it,  another  will  stick  to  it  and  follow  it,  a  third  will 
adhere  to  that,  and  a  fourth  to  the  third,  and  thus  we 
shall  lift  all  the  balk  from  the  earth,  and  will  feel  only 


*  A  cylinder  of  water  one-tenth  of  an  inch  in  diameter^  and  twelve  inches 
hifb,  wei^a  23.862  grains,  or  very  nearly  24  grains ;  therefore  very 
nearly  1  grain  when  half  an  inch  in  height.  A  cylinder  one  inch  diameter* 
therefore,  weighs  2386,  very  nearly  2400,  or  5  ounces  troy.  This  is  a  oon« 
venient  n"rnh^r  to  keep  in  mind,  ss  5  oz.  "f  200  gr«  avoirdupois. 
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the  Weight  of  one,  because  as  toon  as  a  ball'v  m  feoi 
from  the  grouiul,  U  is  »o  longer  iitftv^.    tt  is  in  this  way  * 
that  we  jmaf  separate  the  particlei  of  watar  from  ttis 
mius. 

'  334.  The  measures  wiiich  we  have  acqairfid  x>f  capiU 
larj  aitractioB  lead  to  several  useful  iAferenccs.  It  was 
already  observed,  t^at  it  is  owing  to  this  that  water  is 
retained  by  the  soil :  not  only  so,  but  it  will  be  raised  bj 
it.  If  we  fill  a  hollow  tube  with  dry  sand,  and  sat  it  in 
'Water,  we  shall  observe  that  the  water  will  loak  the  sand 
to  a  considerable  h^ight,-^-4o  much  greater  as  the  sand  i^ 
JSner ;  in  fine  impaipabb  clay,  the  water  will  rise  to  aU 
most  any  height. 

It  is  in  this  way  that  oil  rises  in  the  wick  of  a  lamp. 
The  wick  is  a  bundle  of  fibres,  with  interstices  between 
them.  The  fluid  rises  in  those  interstices,  and  will  rise 
almost  twelve  tunes  higher  in  the  interstices  of  cyliadrU 
cal  fibres  than  through  pipes  of  the  same  diameter,  aa 
win  easily  appear  by  calculating  the  area  of  the  interstice^ 
and  its  acting  periphery. 

I  already  took  notice  of  the  swelling  of  Wood  by  mois- 
ture. The  force  exerted  in  this  way  is  sometimes  very 
great.  In  raising  grindstones  from  the  quarry,  it  is  a 
usual  practice  to  hewn  long  cylinder,  of  the  diameter  re* 
quired,  and  then  grooves  are  cut  round  it,  at  the  distanoe 
required  for  the  thickness  of  a  grindstone.  The  grooves 
are  filled  with  wedges  of  dry  wood.  Water  is  thrown  on 
them,  and  in  an  hour  or  two  the  whole  column  is  found 
neatly  separated  into  grindstones.  It  is  in  the  same  way 
that  sponge  swells  witli  water. 

235.  These  are  ^ot  cases  of  m&^  absorption.  The  wa- 
ter is  drawn  into  the  cavities  by  an  active  force,  acting  at 
some  small  distance,  otherwise  the  effect  of  mere  adhesion 
would  be  completed  when  the  cavities  are  merely  filled. 
But  more  is  still  attracted,  and  this  causes  the  flexible  ca- 
vities to  enlarge.  It  would  require  a  pretty  long  discus* 
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lioD  to  ezpliUQ  how  ibis  effect  is  produced.  But  a  very 
simple  iustance  of  the  fac^  will  conduce  to  a  better  com* 
prehension  of  the  mechanism  in  more  complicated  cases. 
Scatter  a  few  driys  of  mercury  on  a  plate  of  mirror  glass 
Ijing  on  a  table^  and  let  the  drops  be  as  nearly  as  possible 
of  a  size.  Lay  on  the  plate  so  sprinkled  another  very 
light  plate  of  mirror  glass.  If  the  drops  of  mercury  art 
numerous,  and  prettj  uniformly  distributed,  the  upper 
plate  will  pot  greatly  flatten  them.  Now  lay  weights  on 
the  upper  f^te.  The  drops  of  mercury  will  be  more  an4 
more  flattened  as  the  weights  are  increased.  Now  let  the 
weights  be  gradually  and  equably  lifted  off.  The  flatten- 
ed  drops,  which  are  now  spread  out  to  a  considerably 
breadth,  will  gradually  contract,  and  will  regain  the 
breadths  which  they  acquired  by  the  first  laying  on  of  the 
l^te. 

The  inference  from  these  phenomena  is  incontroverti- 
ble. The  particles  in  each  drop  of  mercury  are  not  in 
corpiiscular  equilibrium  except  when  <n  a  spherical  form, 
and  an  external  force  b  necessary  for  giving  them  any 
other  shape.  Their  own  gravity  flattens  the  drops  a  lit- 
tle, even  without  the  upper  plate.  The  weight  of  the 
plate  flattens  them  still  more.  But,  as  it  lessened,  the 
drops  be<^me  more  and  more  spherical.  This  cannot  be, 
unless  the  upper  plate  remove  farther  from  the  lower  one 
—this  it  naturally  does.  In  like  manner,  in  the  foiling 
of  looking-glasses,  it  is  necessary  to  lay  on  a  very  great 
weight  to  squeeze  out  all  the  mercury  that -is  not  abso- 
lutely necessary  for  saturating  the  tin  foil,  and  if  these 
are  taken  off,  a  great  quaptity  of  mercury  is  again  sucked 
in.  I  found  that  a  plate  of  18  inches  by  14  sucked  in  5^ 
ounces,  which  must  have  raised  the  plate  about  /^th  of  an 
inch.  Therefore,  in  these  facts  it  appears,  that  the  drops 
tend  to  a  spherical  form  mih  foree^  for  they  lift  Up  the 
plate,  even  when  loaded  with  weights. 

226.  It  is  evident,  from  the  different  heights  to  which 
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the  ftame  glass*  will  raise  diffeteht  liquors,  and  diiFereiit 
kinds  of  glass  raise  Ihe  same  liquor,  that  it  is  a  specific 
attraction,  depending  on  the  constitution  of  the  particles, 
both  of  the  solid  and  the  fluid.  Sir  Isaac  Newton  ob« 
served  a  phenomenon  of  the  same  kind  v(rith  respect  to  the 
action  of  bodies  on  the  rays  of  light.  H6  observed,  that 
when  a  beam  of  the  sunn's  light  pasded  by  the  edge  of  a 
knlfej  or  any  other  solid  body^  tl}e  rays  of  one  colour 
were  more  deflected  than  those  of  another  which  passed  by 
at  the  verjr  same  distance.  Also,  a  blue  ray  was  as  much 
deflected  when  it  passed  at  the  distance  of  ^i^th  pf  an 
inch  as  ik  red  ray  which  passed  at  the  distance  of  j^^th  of 
an  inch.  In  short,  he  observed,  in  those  delicate  experi- 
ments, that  the  forces  exeited  between  the  light  and  the 
solid  body  varied  by  a  variation  of  distance,  just  as  gra- 
vity does,  (though  not  in  the  same  proportion),  and  was 
difl^erent  in  relation  to  t-he  differently  cbloiired  rays,  there- 
for^ specific.  Having  Itlso  demoiistrated  that  reflection 
and  refraction  ^e  ^erformied  by  means  of  the  same  forces 
which  produce  the  inflections  and  deflections  now  men- 
tioned, Newton  justly  inferred,  from  the  difi*erent  refract- 
ing qualities  of  different  bodies,  that  those  forces  are  also 
specific  in  respect  of  different  substances,  ilnd  that,  in  par- 
ticular, the  particles  of  inflammable  bodies  exert  stronger 
forces  than  others.  From  this,  his  sagacious  miiid  coii- 
jectured  that  diamond  is  an  inflammable  body,  a  conjec- 
ture which  has  been  completely  verified  within  these  few 
years.  Mr  Tennanfs  experiments  prove  it  to  be  the 
poorest  specimen  of  carbon. 

827.  When  we  reflect  on  this  specific  nature  of  the 
forces  which  produce  the  phenomena  of  capillary  attrac- 
tion, and  the  share  which  these  phen6mefia  have  in  many 
natural  operations,  several  considerations  are  suggested 
which  seem  deserving  of  notice.  I  am  persnaded  that 
much  of  the  operation  of  the  absorbent  system  in  animals 
and  vegetables  depends  upon  mere  capillary  attraction,  or. 
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at  least,  upon  mere  mechanical  qorpiiscular  force.  I  im*- 
gine  that  it  is  chiefly  in  this  waj  that  the  nutritious  and 
otherwise  useful  parts  of  our  food  are  taken  up  hj  the 
lacteals  from  the  intestinal  canal,  and  conveyed  to  other 
parts  of  the  body.  If  so,  much  of  the  operation  depends 
on  the  orifice  by  which  a  lacteal  comi^unicates  with  the 
intestine.  The  operation  will  l^  affected  by  a  change  of 
mere  aperture — it  iirill  be  a^ected  by  every  change  in  the 
constitution  of  that  orifice,  as  also  pf  the  fluid  taken  up% 
By  the  difference  of  its  substance,  a  vessel  of  the  sam^  dia* 
meter  with  another,  and  opening  into  the  same  cafial,  may 
abstract  very  different  juices,  and  in  this  way  various  se* 
cretions  may  arise-— a  change  of  composition,  whether  iq 
the  fluid  or  the  vessel,  may  accelerate  or  obstruct  the  gfe^t 
ration  f.  Capillary  attraction,  thf  refctre,  seems  to  deserve 
the  attention  pf  medical  men.  The  poor  inhabitants  of 
the  island  of  Ormus,  if  bo  cannot  ailfford  to  being  fresh 
water  from  the  Continent,  are  said  to  quench  their  thirst 
by  lying  down  in  cisterns  of  sea  water.  I  saw  an  experi- 
ment of  the  ^me  kind,  made  in  1761,  at  the  itoyal  Aca- 
demy at  Portsmouth.  A  ma|i  who  had  abstained  from . 
drinking  till  his  mputb  y^^  parched,  went  into  a  tub  of 
sea  water,  and  in  a  quarter  of  an  hour  his  thirst  was  al- 
most gone,  and  he  could  spit  freely.  His  skin  had  ab- 
sorbed a  very  considerable  quantity  of  fresh  water. 

2Sf&,  We  know  that  in  like  manner,  a  plapt  that  lan^ 
guishes  for  want  of  water  will  be  completely  refreshed  by 
immersion,  although  none  gets  at  the  roots.  At  the  same 
time  it  is  probable  that,  both  in  the  animal  aud  yegetat»le 


*  Some.ezperhnents,  by  a  very  intelligent  and  in^en|cm».  gvntleihan^  oil 
the  rise  of  the  oil  and  tallow  in  the  wiclc  of  a  lamp,  shew  remarkable  differ* 
enccs  in  thia  respecu  The  publication  of  thete  ezperimento  might  produco 
gTfat  improvement  in  the  manufacture  of  candles,  and  the  preparation  of 
inflammable  matter.  I  hope  that  the  ingenious  author  will  not  withheld 
Ihcm  from  public  scrrice. 
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€<iortomy,  organical  structure  and  mechanidm  are  con- 
cerned in  these  operations.  Altbrnigh  the  greatest  part 
of  the  jdices  rise  through  the  plant  by  mere  capillary  at-' 
traction,  it  is  very  likely  that  there  are  also  contrivances 
in  the  roots  which  may  be  said  to  force  or  pump  it  up,, 
and  valves  to  prevent  its  improper  return. 

Having  employed  so  much  time  in  describing  the  phe- 
liomena  of  corpuscular  action  betvreen  the  particles  of 
solids  and  fluids,  I  shall  be  more  brief  in  my  account  of 
such  88  appear  in  the  actioh  of  solids  on  solids.  A  small 
dumber  will  suffice. 

229.  When  naturalists  intimated  their  acquiescence  in- 
the  conjecture  of  Newton,  that  cohesion  was  effected  by 
means  of  mutual  forces  acting  beyond  the  particles,  it 
tras  said  that  were  this  the  case,  nothing  more  is  wanted 
fer  reuniting  two  pieces  of  broken  glass  but  putting  them 
together  again.  But  this  is  altogether  contrary,  say  they, 
to  experience.  But  we  should  not  expect  this,  as  the  law^ 
ef  corpifscular  action  is  unknown  (at  least  as  yet)  we  can- 
not tell  but  that  at  a  distance  somewhat  greater  than  the 
distance  of  cohesion,  the  particles  may  repel  each  other. 
This  is  not  absurd^  but  it  is  not  even  improbable.  We 
see  that  magnets  having  their  similar  poles  fronting  each 
other,  repel  at  all  considerable  distances,  but  when 
brought  very  near,  they  generally,  though  not  always, 
attract'  each  other.  What  should  hinder  partkles  from 
having  a  similar  relation.  It  may  require  a  great  force 
to  bring  the  parts  of  a  broken  body  near  enough  for  giv« 
ing  occasion  for  the  exertion  of  attracting  forces.  Be- 
sides, when  we  press  together  the  surfaces  of  the  fracture, 
it  is  perhaps  only  in  a  few  points  that  they  are  near 
enough  for  attraction.  Accordingly,  it  is  known  that  if 
two  pieces  of  metal  are  scraped  very  clean,  a  severe  blow 
will  make  them  cohere  so  as  to  be  inseparable.  It  is  thus 
thiftt  flowers  of  gold  and  silver  are  fixed  on  steel  and  other 
metals.    The  steel  is  first  scraped  clean,  and  a  thin  bit 
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of  gold  6r  silver  i»  hnd  on  it,  obd  then  the  die  is^yplted 
hf  a  9tR>ng  %loW  wit&  a  hammer.  It  is  renarkaUe  that 
tfaef  wM  Mt  adhet e  with  sueh  firmbefls,  if  tbey  adhere 
at  an,  wfam  dbe  surlhees  have  be^Q  poKriied  ia  the  usual 
way,  with  fine  powders,  &c.  This  is  always  done  with 
the  help  of  greasy  matters.  Some  of  this  probably  re-» 
AsiflSy  and  preveats  that  tpmifit  acthin  thdt  is  aeceasary* 
I  am  deposed  to  tfiink  that  the  seraping  the  Surfaces  also 
•peratas  in  aaather  wtgr,  via.  by  filling  the  surface  with 
scratches,  that  is^  ridges  and  furrows.  These  rilow  the 
air  to  escape  as  the  pieces  come  together  by  iht  bfew^ 
If  the  mene  blow  were  saffictent,  a  coin  would  adhere 
het  to  the  die.  But,  in  coining,  tlie  lat  fhee  of  the  die 
first  doiSeg  with  tKe  piece  of  metal,  and  effectually  con<» 
fines  the  air  which  filb-  the  faoUdw  that  is  to  form  the 
relief  cf  the  eoin»  This  air  must'  be  eompressed  to  a 
prodigious  degree,  and,  in  thi^  State,  it  is  st31  between 
the  die  and  the  coin.  We  may  say  that  the  impressiod 
en  the  coin  is  really  formed  by  this  mclpded  air ;  for  the 
metal,  in  this  part  of  the  coin,  is  never  in  contact  with 
tfie  die.  I  know  of  two  cases  whieh  greatly  confim  this 
conjectore.  The  dies  chanced  to  arock  in  the  highest 
part  of  the  relief,  and  after  thil,  wcape  tlhrown  aside,  (al« 
though  in  one,  f<>r  a  oemmoh  cdin,  the  crack  was  quite 
insignificant),  because  the  coin  ccArid  seldom  be  parte4 
from  them. 

230.  Air  seems  to  adhere  to  most  bodies.  When  cold 
distilled  water  is  poured  into  a  glass  which  has  been  pre- 
vjousiy  cleared  ffoM  aH  dMvpMss,  numeitius  afar*bubbles 
are  observed  to  form  all  over  the  glass ;  and,  by  tappmg 
it  with  any  thing  hard,  they  are  disengaged,  and  others 
are  formed  in  their  places.  The  air  seems  to  be^disen* 
gaged  by  the  superior  affinity  of  the  water.  Now,  this 
air  may  be  an  obstacle  to  the  approximation  of  the  bodies 
that  is  reqtrired  for  bringing  the  attractive  force  of  colhe- 
sion  into  action.  In  ductile  bodies,  whose  constat ution.ap- 
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proaohes  to  ftoftness,  the  due  approximation  iteaj  be  easiljT 
effected.  Thus,  two  pieces  of  lead  (and,  I  am  well  in- 
formed, of  pure  gold)  may  be  forced  into  perfect  cohesion 
bj  a  strong  pressure,  combined  with  a  sliding  motion, 
when  thej  are  made  very  clean.  Two  pieces  of  the  gum 
eaoutchouc,  fresh  cut  with  a  clean  knife,  when  pressed  mo- 
derately together,  adhere  as  strongly  as  any  other  part* 
1  apprehend,  however,  that  it  is  a  very  difficult  thing  to 
bring  the  surface^  of  two  bodies  as  near  as  the  natural 
distances  between  their  particles.  ,  The  grounds  of  my 
opinion  will  soon  appear^ 

231.  There  is  a  precious  experiment  by  Mr  Huyghens 
in  Na  86.  of  the  Philosophical  Transactions.  A  piece  of 
mirror  glass  being  laid  on  the  table,  and  another,  to  which 
a  handle  was  cemented  on  one  surface,  being  gently  press- 
ed on  it,  with  a  little  of  a  sliding  motion,  the  two  ad- 
hered«  and  the  one  lifted  the  other.  Lest  this  should 
have  been  produced  by  the  pressure  of  the  atmosphere^ 
3fr  Huyghens  repeated  the  experiment  in  an  exhaMSted 
receiver,  with  the  same  success. 

Here,  then,  is  a  most  palpable  demonstration  that  the 
adherion  is  the  effect  of  corpuscular  attracting  forces.  It 
may  be  ascribed  to  the  attraction  of  gn^vitation,  with  as 
much  prc^riety  as  the  attractions  in  Mr  Cavendishes  ex- 
periment mentioned  in  §  4*75,  But  another  valuable  part 
of  Mr  Huyghens^s  experiment  overturns  this  supposi- 
tion. 

He  found  that  one  plate  carried  the  other,  although 
they  were  not  in  mathematical  contact,  but  had  a  very 
sensible  distance  between  them.  He  found  this  by  wraj^ 
ping  round  one  of  the  plates  a  single  fibre  of  sUl^  drawn 
off  from  the  cocoon.  The  adhesion  was  vastly  ^weaker 
than  before,  but  still  sufficient  for  carrying  the  lower 
plate. 

Here  then  is  a  most  evident  and  incontrovertible  ex- 
ample of  a  mutual  attraction  acting  at  a  distance.    Mr 
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Xiqre^Mift  tomA  thM  if»  IB  iRra||>Mig  tfe'lfare  imiod  the 
l^tH»  be  0uuh  it  oioas  «  Sbte  alneadjr  mmpp^  roilBd  tt^ 
Ibat  WM  BD  MMtble  •UrscAiM.  In  lihjs  case,  the  gbMe« 
fPffeMfpBTftted.bf  a  liirtanre  eyml  to  t^aat  the  diaoMtar 
afafikaeaf  oik. 

23S.  I  said  that  this  experiment  shewed  that  it  itHMSiot 
theattnaefioai  of  i^nlalioa  that  pradttced  tbe  adhesion. 
I  faawdffniad  tha  eaiieriiiiCDt  mih  tha  oiost  aerapulooa 
caai^  aseasasaog  Ihe  dtataaca  of  tha  glaites  (the  diamfflffr 
af  41  sUfcAtns)  aad  the  waight  supportad.  I  flwl  this,  ia 
aN  owas)  ta  ha  nearly  14^  limes  tha  adiidn  of  gnLvityi 
Tha  oaloikitiaB  i$  ohriaw  and  easy.  I  tried  it  in  difltaacct 
^aaaklarahlj'  difiSemntt  aeeordii^  td  Ihe  diameter  of  tha 
ibnes  I  DMist  iaform  tha  peraan  who  wouU  deriFe  Jna 
iafiiraiaftkm  from  hk  onrn  esperiaiaafts^  thai  there  aia 
mB9j  oiicnmstaaecs  to  he  attended  to  which  are  not  ob^ 
fiaai,  and  whkh  mateiall/  affect  the  Ksak^  The  ailk 
fibres  are  not  round,  but  rerj  flat,  one  diameter  being 
dmaatdoidilecf  thaothef.  The 2IODth pla-t  of  aminch 
mMf  be  comideiad  as  the  average  smaller  diameter  af  a 
fibre.  A  magnifying  glass  laust  be  used,  and  great  pa^ 
tieaae  ia  wrapping  the  fibre  round  the  gbm  bo  that  it  may 
Mt  be  twiitaL  A  flaxen  fibre  is  mnch  preferable,  when 
gotten  sin|^^  and  fine  enough,  fbr  it  is  a  perfect  cyKndec* 
I  mast  abo  iafarm  him,  that  no  regularity  will  be  had 
in  eaqparimenta  with  bits  of  ordinary  mirror ;  these  are 
aetthar  flat  eooagbi  nor  well  enough  polisbed*  We  most 
employ  the  sqaare  pieoas  which  are  tnade  and  finished 
by  a  very  fiw  Lomitm  ariisU  for  the  specula  of  the  best 
HadJey^s  qnadiwiits.  These  must  be  most  carefuUy  clear-* 
ed  of  ail  dust  or  damfL  Yet  thb  must  not  be  done  by 
wipiag  tham  with  a  clean  cfeth ;  this  mfaihidy  derangM 
every  things  by  rendering  the  plate  electrical  I  aaooBa^ 
ed  best  by  heqnag  them  in  a  g^bas  jar,  in  which  a  piece 
of  aMrist  dath  waa  lyifigf  bnl  not  tmsehing  the  glasses. 
When  iraated^  ihe  gifmas  are  taken  out  with  a  pair  of 

TOL.  I.  a 
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tongs,  and  hdd  a  little  while  before  the  fire,  which  diui* 
pates  the  damp  which  had  adhered  to  them,  and  which 
prevented  all  electricitj.  With  these  precautions,  and  a 
careful  measurement  of  the  diameter  of  the  silk  fibre,  the 
experiments  will  rarelj  differ  among  themselves  one  part 
in  ten. 

There  is  another  circumstance  to  be  particularly  attended 
to.  Although  one  plate  will  lift  the  other  hj  means  of  a 
terj  gentle  pressure,  it  will  not  long  support  it  without 
the  utmoit  attention.  The  lower  piece  always  slides  to 
one  side,  and  drops  off.  Hence  some  have  ascribed  the 
transitory  adhesion  to  the  pressure  of  the  air,  which  is  at 
an  end  as  soon  as  enough  of  air  has  insinuated  by  the  sides. 
But  a  little  reflection  wUl  convince  any  one  versant  iit 
liydrostatieB  and  pneumatics,  that  this  supposition  is  alto* 
gether  erroneous ;  without  a  mutual  attraction,  the  glasses 
would  not  adhere  for  a  moment,  having  air  already  between 
them. 

T^  glass  drops  off  by  the  sliding  to  one  side»  because 
it  is  next  to  impossible  to  hold  the  glasses  perfectly  level. 
If  in  the  least  inclined  to  the  horizon,  the  lower  glass, 
having  no  obstruction  from  any  thing  like  friction,  glides 
along  the  inclined  plane  with  perfect  freedom.  If  the 
plates  have  been  hard  pressed,  with  a  sliding  or  grinding 
motion,  the  adhesion  is  then  either  very  strong,  or  nothing 
at  all ;  when  they  do  adhere,  it  seems  to  be  another  stage 
or  alternation  of  the  force,  as  will  be  explained  by  and  by* 
But  they  rarely  adhere,  owing  to  fragments  torn  off  by 
the  gr&ding.    The  glasses  wUl  be  scratched  by  it 

I  thought  this  capital  experiment  worthy  of  a  very 
Bimute  description,  it  being  that  which  gives  us  the  meaaa 
^«CAathen|itical  and  dynamical  treatment  in  the  greatest 
|Mfection. 

t33»  We  are  not  to  imagine  that  the  corpuscular  force 
which  we  have  just  now  considered  is  the  attraction  of 
rohesipn.    This  would  be  to  suppqse  that  vt'ov^^o^  ^ 
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ihch  is  nearly  the  natural  distance  of  the  particle^  of  to^ 
lierent  bodies.  But  it  certainly  exceeds  that  distance  many 
thousand  times.  In  the  manufacture  of  gold  lace,  a  silver 
^ire  is  covered  with  a  certain  quantity  of  gold  leaf,  and 
then  drawn  to  an  eitreme  fineness.  W^  are  certain  that 
the  covering  of  gold  is  not  more  than  one  fourteen  millionth 
part  of  an  inch  thick.  Yet  this  film  is  so  continuous  and 
compact,  that  the  microscope  can  discover  no  pores  in  it, 
and  it  completely  defends  the  inclosed  silver  from  the  action 
itf  aquafortis. 

It  is  now  tiliie  to  take  notice  of  a  edrpusculal*  action 
extremely  diiTerent  from  those  hitherto  mentioned.  Every 
One  has  observed  certain  inseMs  run  about  on  the  ^urfacd 
of  the  water  without  sinking  or  wetting  their  feet.  If 
one  of  them  be  carefully  viewed  with  a  magnifying  glass^ 
a  pit  win  be  observed  on  the  surface  of  the  water  all  round 
each  foot,  resembling  what  is  made  In  a  mattress  or  feather 
bed  when  a  person  stands  On  It.  If  th^  feet  of  those  iiisecti 
be  examined  with  a  microscope,  they  will  be  Aeen  to  con* 
sist  of  five  or  six  spreading  hairs,  rimged  as  the  rays  of  it 
star  are  Usually  drawn.  When  on  the  water,  each  fibre 
is  surroundcfd  by  a  pit  much  brOader  than  the  fibre. 

By  tbese  extensive  pits,  b  quantity  of  water  is  displaced^ 
equal  in  weight  to  the  insect,  and  the  insect  is  supported. 
Tet  the  feet  are  not  wetted.  There  is  something  which 
keeps  the  water  from  coming  into  contact,  which  keeps  it 
at  a  distance,  and  thus  forms  the  pit :  perfectly  similar  to 
this  is  the  conubon  experiment  of  making  a  clean  and  po^ 
lished  needle  swim  on  water.  It  forms  just  such  a  pit; 
wai  is  buoyed  up  in  the  same  way. 

The  feet  of  the  insect,  and  the  needle,  repel  the'  ni^atet*, 
exerting  corpuscular  forcesr  difectly  opposite  to  attraction* 
We  may  call  them  repubiongf  without  pretending  to  ei^- 
plain  their  means  of  acting,  merely  to  distinguish  thto 
effect  Of  such  forces  there  is  a  vilst  variety.  It  is  owing 
to  such  repulstotb  thaVit  is  so  difficult  to  wet  many  pofK* 
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^ers,  f  uch  as  JOtat  of  the  puff-ball,  tbe  ly^podium.  ItXp 
this  which  makes  the  down  and  the  fur  of  aquatic  hirdf 
and  beasts  jriniost  impenetrable  to  wpter.  ^ 

234«  It  is  owing  to  this  that  jfre  see  a  de^w-^l^c^  lie  la 
beautifully  brilliant  on  the  leaviss  of  pla];its  in  life  morwigr 
We  have  the  fullest  a^suraince  from  the  lawf  of  optics  tha|; 
the  part  of  it^  sjurtace  where  the  reflection  is  so  bfill|iai4 
is  not  in  contact  with  the  lieaf.  The  dew-drop  may  fomer 
^imes  be  made  to  rpU  alpng  the  Jeaf,  retaining  all  its  bpilr 
liancy.  In  this  case  it  makes  no  watery  trace  on  it.  Onif 
jnaj  see  the  effect  of  (contact  Tery  plainly  by  tal^ii^g  a 
little  drop  or  ball  pf  crystal,  and,  attendi|ig  to  the  vivar 
pity  of  the  reflection  from  its  posterior  surfai^,  touch  ]tb^ 
aurface  of  water  with  th^  part  which  T9iOficf4  wjth  sucfr 
▼iyacity ;  the  yivid  refl^on  if  destroyed  in  tha^  instant^ 
^nd  spfur/cely  any  reflection  r^main^.  I  haye  Oiften  obporv* 
ied  the  large  drops  of  a  warm  summer^s  shower  rpll  ajboot^ 
for  a  second  or  two  on  the  surface  of  still  w^ter,  ^4 
aon^e  pf  th^  smyll  dn>pp  which  they  ^ve  £U«hc4  up  Ijfasrp 
^leo  down  and  rolled  about  for  a  long  while,  allowing 
jn.e  t9  drive  them  about  l^  fanning  them*  Th^y  af  e  r^ 
markably  hriHiant  if  bile  thus  rolling  about,  thus  shewing 
incontestibly  that  they  ai«  not  in  cq^^ct  vrijth  the 
water. 

We  shall  90f>n  hare  abund^t  jevidence  that  the  diptf  nee 
at  which  one.  body  in  this  manner  supports  another^ 
giving  rise  to  physicgi  contact,  and  g^vi^^  uf  th|e  aepgh 
^tion  of  tofich  or  fedipg,  is  considerably  less  th|ai  th|^ 
dist^npe  bejtween  the  glasses  in  thf  Uijiygl^eniap  (^vpfsf- 
riment.  It  is  reasonable  therefore  to  /conclude,  that  in 
s^e  intermediate  distance  b(etwee»  the  (diameter  of  a 
ailk  fibre  and  the  distance  of  a  deif^flrotp  from  the  leaf, 
the  bodies  neither  atjUrfct  nor  ri^,  T^^/  ^^U  rep^  if 
|)ushed  nearer^  ^d  attract  if  separfj^  a  Utf le.  Suph  al- 
temation  is  observed  in  sony  magfelicfd  efperifnents,  an4 
.we  can  gener^ly  put  the  mf^Qirts  a^  that  intermediate 
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distance  in  wfiieh  tliej  neHker  ttttract  nor  repel.  Bitt 
iHien,  as  in  tbe  case  of  the  drolls  that  we  haVe  been 
fpeakitt^  of,  one  hodj  is  carrying  the  weiglit  of  another, 
they  are  ^bmewhat  nearer  than  the  distance  of  inactivity. 
Thej  are  so  moch  nearer,  thafr  a  mutual  repulsion  is  ex* 
cMedy  equal  to  the  weight  of  the  drop ;  and  when,  in 
Hnyghetfs't  experiment,  one  glass  plate  suspends  another, 
tbcfy  are  at  a  distance  somewhat  greater  thsln  the  diis-' 
tittice  of  inaction :  they  are  so  much  more  distant  that 
Both  ei^ertf  an  attraction  equal  to  the  weight  of  the  sua-"" 
ftbidiMf  glassl  These  cases  resemble  what  happens  whenF 
i  body  is  supported  by  a  spring.  WHen  laid  on  the  spring, 
K  compresses  it  till  an  elasticity  is  exerted  equal  to  thc^ 
#efght  of  the  body.  When  suspended  from  the  spring, 
X  stretches  it  till  a  sufficient  elasticity  is  exerted.  Butf 
#bile  the  spring  is  of  its  natural  shape,  no  elasticity,' 
cither  attractive  or  repulrfrie,  i^  exerted^ 

2S5.  I  have  already  mentioned  the  observations  of 
Nekton,  in  which  it  appeared  thatt  when  the  rays  of  lighi 
pass  by  the  edge  of  a  solid  body  at  a  certain  distance; 
they  are  inflected  towards  it ;  if  at  another  distant^,  thej 
are  deflected- from  it ;  and  if  at  a  third  distance,  they  ar6 
inflected  towards  it ;  and  if  at  a  fourth,  they  are  deflect<k 
ed,  &C.  Arc.  But  these  observations  mtty  be  thought  pe- 
fhiKar  to  the  actibn  of  bodies  on  Kght,  and  even  to  dd^ 
pend  on  a  certain  theory  concerning  the  nature  of  light. 
But  there  is  another  obsiervation  of  Newtbn^s  more  df- 
rtetly  and  unequivocally  to  our  purpose,  shewing  that  solid 
bddies  act  on  one  another  at  a-  measurable  distance. 

296:  If  we  take  the  object  glas^  of  a  long  telescope, 
having  its  radius  of  convexity  not  less  than  15  or  90  feet, 
idd  lay  it  on  a  piece  of  very  flat  and  well  finished  mirroiv 
6tdpiete  of  finely  polished  metal,  or  Mack  marble,  vfe 
ihrii  not  observe  any  thiti^  remarkable  in  the  reflection  of 
the  light,  unless  the  obj^t  lens  is  heavy,  or  is  pressed 
'down  hy  the  band;    But  if  we  press  it  down,  we  sfaidl  ok 
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serve  in  the  place  of  contact  of  the  convex  lens  and  ilat% 
surface,  something  like  a  greaaj  spqt,  having  the  uncertaia 
pearly  colour  of  ^  fish  scale.  *  Pressing  harder,  we  observe 
a  .coloured  ring  form  round  the  point  of  contact,  reflecting . 
ifhUe  light  in  th^  middle  of  its  breadth^  with  blue  on 
its  innef  edge^  and  red  on  its  outer  edge.  Pressing  still 
harder,  the  ring  enlarges  in  diameter,  and  a  new  spot 
forms  in  the  centre,  which,  by  greater  pressure,  becomes 
9  ring,  and  is  succeeded  by  another  central  spot,  ^d 
this  succession  may  be  continued  till  a  great  number  of 
Kings  are  thus  produced.  A  more  careful  examination, 
shews  us  that- it  is  not  a  successioil  of  spots  which  occupies 
the  centre,  but  of  simple  colours, .  which  follow  one  ano- 
ther in  a  determined  order,  so  as  to  form  rings  such  as 
have  been  despribed  blue  qn  the  inner  edge,  and  ruddy  on 
the  outer.  When  the  pressure  is  made  very  stroqg,  ^ 
bright  silvery  spot  appears  in  the  centre,  ruddy  all  round  \ 
and  the  next  iacrease  of  pressure  produces  a  black  spot  in 
the  middle  of  the  silvery  spot,  as  jf  a  ragged  hole  were 
made  in  a  round  bit  of  silver  leaf. 

.  If  we  now  gradually  diminish  the  pressure,  we  shall 
see  the  rings  contra^t^^  and  vanish  in  the  centre  in  succes- 
sion. 

237.  On  this  observation  Newton  erected  a  most  inge- 
pious  fabric  of  optical  doctrines,  which  will  be  considered 
in  their  proper  place.  He  immediately  began  to  consider 
every  thing  matht^matically.  He  measured  the  diameters 
pf  the  rings,  and,  knowing  the  convexity  of  the  lens,  he 
calculated  the  distances  between  them  in  the  brightest 
part  of  each  rings,  and  he  found  th^it  the  distance  at  each 
ring  exceeded  the  distance  at  the  ring  immediately  within 
it  by  yy^g^tb  of  an  inrh  nearly.  He  also  found  that  these 
successive  differences  were  sH  equal.  For  the  diameters 
-  of  the  rings  were  as  the  square  roots  of  the  numbers  1,  3, 
5,  7,  &c.  and  the  diameters  of  the  dark  spaces  between 
them  as  the  squfire  ropts  of  the  numbers  2^  4,  6^  ^^  h^ 
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'  lltwtoii*!  mind  being  oompletelj  occnfded  bj  the  im* 
portant  optienl  inference  which  be  drew  from  thb  pheno* 
nena,  he  paid  no  attention  to  the  circnniBtance  in  which 
we  are  now  cliiefly  interested,  namelj,  the  pressure  that 
fliust  be  emplojed  to  juroduce  these  rings.  He  counted 
b  faTourable  circumstances  upwards  of  20  rings,  which  he 
had  followed  with  his  eye  from  their  first  formation  in 
the  centre  till  their  greatest  expansion.  Suppose  that  he 
obsenred  80  in  this  manner.  He  concluded,  that  when 
the  black  spot  appeared  in  .the  centre  the  glasses  were 
then  in  contact,  and  not  befcnre*  On  thb  supposition,  the 
distance  between  the  glasses  at  the  80th  ring  is  zttv^^  ^ 
an  inch.  Very  rarely,  however,  would  he  perceive  a  ring 
at  so  great  a  thickness  of  the  glass  without  some  optical 
assistance  which  he  describes. 

23S.  Now  it  b  a  matter  of  fact  that,  unless  the  lens  bo 
heavy,  or  pressed  down,  no  coloured  spot  appears  in  the 
centre.  The  glasses  therefore  are  not  in  contact,  but  are  dis- 
tant from  one  another  at  least  ^  i;V  9  th  of  an  inch.  At  this 
dbtance  the  lower  glass  supports  the  weight  of  the  upper 
^ass.  If  pressure  be  added  to  this  weight,  the  glasses  are 
brought  nearer,  and  this  approximation  b  indicated  by 
the  colour  which  appears  in  Che  centre.  Every  time  that 
we  produce  the  red  in  the  centre,  by  increasing  the  pres- 
sure, we  must  conclude  that  the  glasses  are  vvji^oth  of  an 
inch  nearer  than  they  were  at  its  preceding  appearance ; 
and  thoa  a  relation  may  be  discovered  between  the 
distances  and  the  intensities  of  the  resbting  forces,  in  the 
same  manner  as  Newton  inferred  the  law  of  gravity  from 
the  deflections  produced  by  it. 

Nothing  can  be  better  established  than  the  conclusion 
from  thb  experiment,  viz.  that  those  bodies  act  on  each 
other  at  a  distance,  in  the  same  sense  of  the  words  aa 
when  we  say  that  the  sun  and  planets  act  on  one  another. 
We  may  say  that  they  repel  one  another,  in  the  same 
way  as  we  say  that  two  magnets,  or  two  electrified  bodies. 
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Mpeldne inbtiber.  We A^ Mdmmax %j'^mMmf9iMm 
e£  y^fvmg^  to^assign  die  mode  of  actioi^^  bul  merely  tinsr 
appearance  of  the  effect. 

:  S89:  I  kaee  lepettted  thi&  etpmtmnb  of  Newton  with 
^reae  care^  and  I  find  it  most  eeouratellir  described  hf  their 
Mliistckras  autiioc.  I  bofied  to  deeertaia  tbe  W  cA 
aotbn  hf  means  of  the  pn^ssntes  empieyed  Bet  B 
fisudd  myself  unable  to  eoprMi  the  relittion  betweeii 
tiie  distance  attd  fiiree  of  the  aotinf  particles  by  an  eqm* 
ttmi:  We  may  easily  see  that  this  must  be  difficulty 
fioDitia^nottke  centml  portieles  aiqne  thut  are  actings 
hut  also  theee  sHj  around,  to  an  unknown  distance,  were 
#eting  with  different  forces.  The  experiment  reqoime 
mery  wdl  finished  glesses;  otfdinsary  low  priced,  lenses  afe 
good  for  nothing  in  this  reseacrch;  their  errors  of  figure 
bdaring  a  oonsideraMe  proportion  to  ^yj^^th  of  aa  inch. 
But  they  shew  |he  rings  very  well,  iB  the  oen^J^ity  b^ 
suffiaieialy  smalL  Even  the  lens  of  a  pair  ofi  ^^ectndes 
iTiU  do  this,  if  it  is  of  80  or  SO  inches  focal  distance,  but 
the  rings  will  be  ezceediingly  small,  and  soaroely  #stin^ 
guishable. 

Newton  supposed  that  the  glasses  were  in  absohite  ma* 
thematicel  contact  where  the  Mack  spot  appeared^  for 
which  reason  he  liought  it  was-  that)  they  aUofWed  the 
light  to  pass  through  as  if  they  had.  been  one  continuous 
mass  of  glass.  But  it  may  be  asked  what  autboraty  New* 
tton  had  for  this  suppositions.  We  are  indebted;  to  him 
for  a  complete  answer  to  tbis  question,  butananawer.i^ry 
different  frqm  his  declared  opinion.  This  we  obtain  by 
means  of  another  precious  experiment  of  Newton's.  The 
l>eftoiifal  colours  of  a  soap  bobble,  which  had  ^  often  amus- 
ed him  in  his -boyish  years,  now  recurred  to.  liiememcNry 
with  strong  persuasions  of  their  importance  in  his  pre- 
sent speculations,  and  he  immediately  eaamined  them  with 
'•the  attention  of  a  pfailesophen 
•    240.  HaHng  Uown  a  soap  buUile  of  a  small  aize^  he 
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ctffwnAh  kMra  betl  gltsh,  to  w«d  off  Ae  dbtufbnw' 
fa^  Ibcf  akv  <nd  itefeArfiy  noted  the  appeanmees  of  colout 
IB  tile  telMK  Hit  «8w,  after  some  Iftfle  tuue^  Kke  a 
peaii-coloured  ipot  in  the  Terj  uppermost  point  or  sraitk- 
of  ike  soap  Mbbk.  TUs^  in  a  little  spread  itself  into  a 
DMmd  spot^  ruddj  in*  fehe  centre,  and  blue  round  the  cir« 
ansferettca  This  widsned  into  a  ring,  niddy  within  and . 
purple  withfluti.  Aoolher  spot  formed  in  the  eentre ;  thiat 
also  beeaaie  a  ring,  the*  other  ring  enlarging  in  the  mean* 
tiaae*  The  setdadspot  bifoame  m  ring,  arid  was  succeeded^ 
bjr  athlid,  whidi' underwent  the  same  change.  In  shortr 
calttired  ringa  ixined  and  eaktrged  on  the  upper  hemiarf 
phere  of  the  soap  bnlibie,  in  the  same  succession,  anA 
hariag  the  same  ocdoiffs  as  those  seen  betwe^  the  object 
{j^asses ;  but  idcMnpiirBbty  larger,  mora  distant;  and  mor«f 
hrlfianL  He  oouU  sometimes  count  W  of  them.  Afle^ 
same  titae,  there  formed  in  Ae  aenith  a  bright  siirer-co-^ 
kofed  spdt^  in  which  there  sociki  appeared  a  ragged  hole^ 
which  sometimesr  enlarged  itself  to  die  breadth  of  one  third 
of  an  inch'  or  mons^  and  then  the  bubble  burst.  This  cen^ 
tral  dark  spot  seemed  at  first  altogether  without  reflect 
lion ;  but  more  caivfW  jnipeetibii  shewed  that  it- still  re« 
fleeted  a:niimite  quantitjr  of  light, 

Newton  had  alteaily  inferred  from  the  experiment  witH 
the  glasses,  that  the  different  coloisrs  reflected  at  dRfferent 
distanoea  from  the  common  centre  of  the  rings  depended 
on  the  different  dbtances  of  the  glasses.  Here,  iii  the 
experiment  of  the  soap  babble,  we  have  the  same  silcoes^ 
sioo'of  cohmss.  Newton  explains  them  hj  observing  thai 
the  bubble  grow^  graduallj  thinner  at  top,  by  the  subsi^ 
dsdceof'the  dammj  liquid,  and  that  the  different  colours 
depend  on  the  tbiduieas  of  the  film  where  thej  appeal 
He  proved  this  immediatelj  after  this  discovery,  by  spliU 
thq^  taic  ttil  it  produced  permanent  colours.  Even  glass 
may  be  Uown  so  thin  as  to  exhibit  them.  But  those  opi- 
Ifesi  inferences  are  not  our  proper  object  at  presents  It  is 
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enough  that  we  have  seen  that  the  film  mi^  be  so  vtrf- 
thin  as  to  give  no  vivid  reflection  ;•  yet  it  has  some  thick* 
nes8»  for  the  bubble  exhibits  the  spot  for  some  litde  time 
before  it  bursts. 

241.  Here  then  we  have  abundant  evidence  that  the  ap- 
pearance of  the  black  spot  between  the  glasses  did  not 
prwe  that^hey  were  in  mathematical  contact  in  that  place, 
but  only  that  the  distance  between  them  was  too  small  for 
producing  any  sensible  reflection  of  light.  There  is  no 
doubt  of  the  spot  between  the  glasses,  and  the  spot  in  the 
soap  bubble  being  corresponding  phenomena.  They  are 
remarkably  distinguished  from  all  the  coloured  spots  that 
successively  formed  them.  The  stiver- like  rings  which 
surrounded  thb  black  spot  are  quite  unlike  all  the  coloured 
rings,  being  incomparably  more  vivid.  But  the. chief  dis* 
tinction  is  the  abrupt,  iiregular,  and  ragged  inner  edge 
of  the  silvery  ring  which  surrounds  the  spot.  It  is  ez« 
actly  like  a  hole  carelessly  torn  in  the  middle  of  a  bit  of 
silver  leaf,  whereas  the  edges  of  all  the  coloured  rings,  and 
even  the  outer  edge  of  this  silver  ring,  are  undefined,  like 
the  eclges  of  the  rainbow^ 

The  conclusion  seems  therefore  unquestionable,  that  we 
have  no  proof  from  the  black  spot  between  the  glasses  that 
they  are  in  mathematical  contact  in  that  place. 

We  know,  by  the  first  experiment,  that  a  very  const* 
derable  force  is  necessary  for  producing  the  black  spot. 
A  greater  pressure  makes  it  broader,  and  in  all  probabi- 
lity  this  is  partly  by  the  mutual  yielding  of  the  glasses. 
I  found  that  before  a  spot,  whose  surface  is  a  square  inch, 
can  be  produced,  a  force  exceeding  1000  pounds  must  be 
employed.  When  the  experiment  is  made  with  thin 
glasses,  they  are  often  broken  before  any  black  spot  is 
produced. 

.  242.  What  is  it  that  we  properly,  and  without  any 
figure  of  speech,,  call  a  pressure  ?  It  is  something  that  we 
ar^  informed  of  solely  by  our  sense  of  toueh«    What  do 
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we  feel  by  means  of  thb  sense,  when  the  nppet  lens  lies  in 
our  hand  ?  It  b  not  the  matter  of  this  lens,  for  we  now  see 
that  there  b  some  measurable  distance  between  the  lens 
and  the  hand ; .  it  b  this  repulsion.  Give  a  blind  man  a 
strong  magnet  in  his  hand,  and  let  another  person  ap* 
proach  the  north  pole  of  a  similar  magnet  to  its  north 
pole.  The  blind  man  will  think  that  the  other  has  pushed 
away  the  magnet  he  holds  in  hb  hand  with  something  that 
b  soft.  |n  the  same  manner,  if  the  blind  man  be  electric 
fied,  another  person  passes  the  open  palm  of  his  hand  to 
and  fro  near  the  blind  man^s  cheek ;  he  will  say  that  cob« 
webs  are .  driren  across  hb  cheek.  AH  this  b  owing  to 
the  electrified  hand  repelling  every  hair  or  down  of  the 
bee,  and  causing  it  to  bend  this  way  and  that  way,  as  if 
it  were  realty  touched  by  a  cobweb. 

There  b  therefore  an  essential  difference  between  nutm 
ihtmaiical  and  physical  amtact ;  between  the  absolute  anni- 
hilation of  distance,  and  the  actual  pressure  of  adjoining 
bodies.  We  must  grant  that  two  pieces  of  glass  are  not  in 
mathematical  contact  till  they  are  exeriiag  a  mutual  pres« 
sure  not  less  than  1000  pounds  per  inch.  For  we  must 
not  exclude  that  they  are  in  contact  till  the  black  spot 
appears ;  and  f  ven  then  we  dare  not  positively  affirm  iU 
My  own  decided  opinion  is,  that  the  glasses  not  only  are 
not  in  mathemf^tical  contact  in  the  black  spot,  but  the 
dbtance  between  theip  is  vastly  greater  than  the  89000th 
part  of  an  inch,  the  difference  of  the  distances  at  two  suc- 
cessive rings.  My  reasons  for  thinking  so  cannot  be  laid 
before  you  tiQ  you  have  acquired  some  optical  knowledge. 

Now  we  have  complete  explanation  of  the  curious  facts 
mentioned  above ;  the  free  motion  of  the  insects  oq  the 
surface  of  water.  Its  brushy  feet  are  in  physical,  but 
not  in  mathematical  contact  with  the  water,  and  by  re« 
peliing  it,  depress  so  much  of  it  that  thej  are  supported. 
And  here  we  have  an  instructive  piece  of  information.  If 
the  water  be  pretty  warm,  or  if  we  m^  a  small  portion 
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of  Spirits  ^iCft  it,  the  in^ct  eta  no  longer  walk  on  it,  W' 
sinks  on  it  up  to  tke  belly,  ll'faere  is,  therefore,  in  thttf 
case,  a  specific  law  of  corpuscular  action,  suited  to  the  pur- 
poses of  this  insect,  but  different  perhaps-  from  the  more 
general  repulsion  that  takes  place  between  all  bodies.  It 
is  also  explained  hoW  the  dew-drop  rolls  along  a  cabbage 
leaf,  of  sparkling  brilliancy,  and  does  not  leave  a  trace. 

S43.  Mr  Saussure  mentions  a  thing  of  the  samfe  kind, 
which  I  had  often  observed.  Without  reflecting  on  its  cu« 
riositj.  The  particles  of  a  fog  or  mist,  as  they  pass  by» 
rebo\ind  f^om  any  thing  that  they  are  driven  agauist  by 
the  wind,  like  a  tennis  ball.  Another  eitemple  mentioneif 
by  Saussure  is  very  amusing.  If  a  dish  of  warm  cofftse' 
without  cream  be  set  in  the  sunshine,  and  sheltered  fron^ 
any  stream  of  air,  the  vesicles  of  vapour  Which  rise  fronf 
it  often  fall  down  again,  and  roll  iribout  on  the  surface  of 
the  coffee,  rndst  brilliant  and  sparkling.  Therefore  iAtf 
are  not  in  contact  with  the  liquor,  because  in'  that  cbs^ 
you  would  have  no  brilliancy.  In  the  same  manner  may 
the  rain-drop!^  of  a  warm  summer  shower  be  crflen  seed 
to  roll  about  on  the  surface  of  water,  brilliant  Kke  i 
deW-drop,  and  for  the  sam^  reason,  because  they  aire'  not 
in  contact  with  the  surface.  -Electricity  stpplies  ui 
with  facts  to  the  same  purpose.  If  the  discharge  of 
the  coated  phial  be  made  through  a  chain  lying  looaelf 
on  a  table,  or  on  a  glass  plate,  it  is  rendered  apatkv 
ling  all  over.  If  the  chain  be  hanging  in  the  air,  foltnl* 
ing  a  bight,  it  will  not  be  nearly  so  lummous  by  tfa^ 
discharge.  If  a  great  weight  b6  hung  on  its  middle,  n6 
light  will  be  observed.  The  explanation  is  easy.  A 
spark  is  produced  at  evexy  link,  when  l^ey  are  not  in  mii- 
thematical  contact.  When  this  is  almost  coitipl^tdy  prdi- 
duced  by  the  weight,  the  light  must  ceasie.  If  achaid  Us 
port  of  a  galvanic  circle,  the  shock  t»  not  transmitted  bjr 
it,  unless  it  be  well  stretched. 
-   244.  I  Matter  myself  that  the  experiments  of  Huygheris  ^ 
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|uid  NevtOB,  and  the  gpoptaneous  pbenomem  of  natiuie 
frhioh  haye  been  mentioQed^  shew,  in  a  manoer  stjll  mor^ 
dUtinct  than  the  phenomena  of  jcapillwrj  attraction,  that 
the  particles  of  tangible  oaatter  ^ot  on  each  other  with 
jnoving  forces,  at  certain  sowll  fmd  measuratrfe  distaiioea, 
in  thje  same  mfmner  that  the  sun  and  planets  m^tuallj  act 
on  pne  mother.  But  the  distances  now  vnder  oonsiderar 
^on  are  ji^eater,  almost  incomparably  greater^  than  what 
^ould  b^  considered  as  the  natural  cohering  distance  of 
the  particles  even  of  the  rarest  substance.  Therefore  w^ 
must  not  consider  the  phenomena  which  have  now  beei^ 
described  as  examples  of  the  action  of  those  forces  which 
jiroduce  the  phenomena  of  cphesion,  in  all  iU  modificar 
tjons  of  elasticity,  ductiUtj,  softness,  viscidity,  and  fluidity^ 
jr^her  liquid  or  aerial. 

Yet  these  examples  are  gf  the  greatest  use  in  our  Mtr 

ieqspts  to  inYiestigate  the  intimate  constitution  of  tangle 

mattery  .bfecfii;ise  they  shew  us  that  there  really  exjst  in 

^lature  n^echanical  .or  moving  forces,  actings  Uke  gravitnr 

jtiion,  al  a  distance,  but  cleariy  distinguishable  from  it,  by 

Ji^  Uw  .of  variation  by  a  change  of  distance.     While 

ffasrkj  produces  sensible  effects  at  the  Mtmost  bouadary 

pf  the  solar  system,  tl^^  other'  forces  seem  limited  in 

their  exertion  to  a  small  fraction  of  an  inch^  perhaps  not 

exceeding  go\i«th  part  in  any  instance ;  and  in  this  oar- 

xow  bounds  we  observe  gre^  diversity  in  the  intensity^ 

jlhhoiigh  we  h^ve  not  yet  been  able  to  asicertain  the  law 

of  variation.    What  is  of  peculiar  moment,  we  have  seen 

that  those  corpuscular  forces  even  change  their  kind  by  a 

chan^  of  distance,  producing,  at  ope  distance,  the  mutual 

tpprpach,  and  ^t  another  4ist#nce  the  mutual  separation 

<rf'the  acting  corpuscles,  from  being  attractive,  becoming 

xcpulsive.     Now  when  an  attriactive  force,  by  a  gradual 

variation  of  distance,  becomes  repulsive,  we  cannot  avoid 

Ihioking  that,  if  we  coi^ld  hit  on  the  ex^ct  distonce,  we 

should  find  that  the  particles  neither  attraist  nor  repel. 
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We  even  obserre  a  phenomenon  which  greatly  riesemblet 
this.  When  two  magnets  of  a  soft  temper  are  placed 
with  their  north  poles  fronting  each  other,  and  are  at  any 
considerable  distance  from  each  other,  thejr  invariably  re- 
cede. If  we  push  thetn  gradually  nearer,  we  find  this 
tendency  to  recede  gradually  inci'ease,  as  the  distance  di- 
minishes, till  the  repulsion  acquire  a  maximum  of  inten- 
sity, after  which  it  rapidly  diminishes,  and  at  a  certain 
distance  of  the  magnets^  it  vanishes  entirely;  and  when  we 
bring  them  still  nearer,  they  evidently  attract  each  other, 
and  this  attraction  increases  till  they  come  into  cdntact. 

Here  is  a  very  distinct  annlogy  with  what  we  have  dis- 
covered on  a  much  smaller  sdale^  Nothing  hinders  us 
from  supposing  that  the  force  by  which  cohesion  is  effect- 
ed has  a  similar  law  of  action.  From  this  supposition  we 
can  ded.uce  certain  distinct  cofiseqttences,  which  we  can 
compare  with  the  phenomena  of  cohesion.  We  shall  find 
them  extremely  conformable,  as  will  be  shewn  by  and  by ; 
and  thus  we  can  form  to  ourselves  mechanical  notioiis 
of  the  intimate  constitution  df  tangible  matter,  and  of  the 
procedure  of  nature  in  operating  many  changes  which  we 
see  its  masses  undergo^  We  can  do  all  this  with  a  degree 
of  confidence  which  we  should  never  have  had  without 
those  experiments. 

Let  us  therefore  consider  a  little  the  train  Of  conclu- 
aions  which  we  are  entitled  to  draw  concerning  the  change 
in  the  corpuscular  forces,  occasioned  by  a  change  of  dia^ 
tance  between*the  particles^ 

245.  At  all  considerable  distances,  bodies  attract  each 
other  by  gravitation,  but  at  certain  very  smaH  distanced, 
they  repel  one  another^  and  at  other  very  small  distances, 
they  attract. 

846.  (a)  The  distance  at  which  one  glass  plate  attracts 
another,  in  the  Huyghenian  experiment,  is  greater  than  the 
distance  at  which  they  repel  one  another,  exhibiting  cd- 
•loifred  rings.  ,  •         .  - 
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For,  while  the  one  suspends  the  other,  with  a  silk  fibre 
interposed,  no  colours  appear  between  them ;  take  away 
the  alk  fibre,  and  press  them  strongly  together,  and  eo» 
loars  are  produced :  these  vanish  when  the  pressure  is  re« 
mored,  and  in  thu  state  the  plates  again  attract 

847.  (b)  The  distance  at  which  glass  pbtes  repel,  ex* 
hiUting  colours,  in  Newton's  experiment,  exceeds  that  in 
wfaach  glass  attracts  water,  in  the  phenomenon  of  simple 
huraefaction,  or  capillary  attraction. 

For,  when  water  is  admitted  between  the  glasses,  in 
which  case  it  is  attracted  by,  and  adheres  to  them,  the 
coloured  rings  appear  between  the  glasses  as  before,  only 
the  thickness  exhibiting  any  particular  colour  is  dimi* 
nidied  in  the  proportion  of  4  to  3.  This  shews  plainly 
that  the  adhesive  distance  is  contained  (perhaps  many 
thousand  times)  in  the  colorific  distance.  As  4  farther 
confirmation  of  this,  it  may  be  remarked,  that  when  a  film 
of  water  eraporates  from  a  glass,  the  same  colours  appear 
in  the  vanishing  film,  just  before  it  disappears.  A  drop 
^tf'oil  of  turpentine,  by  spreading  out  on  the  surface  of 
water,  exhibits  those  colours  when  it  has  become  thin 
enough,  and  they  change  as  its  thinness  advances,  by  its 
diffusion  on  the  surface  of  the  water.  The  thickness  of 
this  transparent  film  of  oil  of  turpentine  may  be  estimated 
by  comparing  the  diameter  of  the  drop  with  the  extent  of 
its  difiTusion.  It  will  be  found  to  have  a  very  sensible 
proportion  to  the  diameter  of  a  capillary  tube  which  sup^ 
ports  oil  of  turpentine  at  a  certain  height ;  and  this  shews 
that  this  dianieter  is  incomparably  greater  than  the  sphere 
of  capillary  attraction.  ' 

248.  (c)  There  is  the  greatest  reason  for  believing 
that  this  small  distance  is  vastly  greater  than  the  natural 
or  cohesive  distance  between  the  particles  of  glass  or  of 
water.  If  it  were  not,  I  scarcely  can  conceive  how  it  can 
cause  the  water  to  rise  in  the  pipe.  It  would  require  a 
long  discttsaioQ.to  make  thb  tleari  but  we  are  not  reduced 
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to  tkii  A8  tbe  sde  argumeot  Wie  Imm  mw  ac^vred 
miuiderable  ioCoanalioo  conoeming  the  law  of  eobctiFe 
force,  wjiiutt  certain  limits*  We  soe  tluLt  a  change  jb 
their  laiitual  dktance  is  aocon^ianied  by  a  chaage  of 
force.  When  liquids  gather  into  drops,  it  is  heeasve 
the  particles  tase  otherwise  at  such  distances  from  one 
another  on  the^  diifaient  aides  that  thejr  ;aDe  not  ul 
tquilibrio,  and  it  is  onlj  by  chaagiag  ih#ae  disfasMes 
that  the  balance  can  te  effiac^  This  awtfap  is  « 
flear  indication  of  a  change  of  inteaaitf  hj  a  ehaage  of 
distaiice.  It  is  perhaps  lAore  distiactlj  peiceivdd  bj  eon^ 
pressing  the  fluid.  Here  we  see  that  a  gmatjer  force 
is  reqiured  for  producing,  a^d  for  raaialMnittg  a  greater 
eonprpasioo.  Fluids  which  gather  into  drpps  ore  fil>t  sus* 
cqitible  of  great  oompression.  But  aerial  fluids  eafaifajt  it 
almost  without  limit*  Thus  air  is  seen  in  soma  <Kq>erf» 
meats  to  occupy  .a  thousand  times  as  mueb  ^pmse  as  io 
aomie  others,  and  it  will  expand  still  motre  if  pesmitted 
In  this  ei^panded  state  its  particles  ai«  ten  times  moi^ 
distant  £Eom  one  another  than  in  its  denser  state;  theit^ 
fore,  in  its  denser  state,  the  mutnal  ri^ukion  most  be  co&- 
ceived  as  reaching  to  the  tenth  particle.  'This  n!#y  perr 
liaps  constitute  the  mechanical  difiR^renoe  hetweea  the  agr 
gregation  of  liquids  and  that  of  airs,  gaases,  or  rapourak 
The  action  of  liquids  may  perhaps  extend  only  to  the  ad- 
joining particle,  while  that  of  the  expausive  fluids  mqr 
extend  over  many.  There  are  great  d^culties  attending 
both  of  these  hypotheses. 

'  S49'  The  change  of  oobesiYe  intensity  by  i  cbaQge  of 
distance  between  the  particles  is  as  distinctly^  or  vofW 
distinctly  seen  in  the  cohesifui  of  soUd  bodied.  AH  that 
we  are  acquainted  with  are  susceptible  (in  various  d^ 
grees)  of  compression  and  dilatation.  A  greater  force  \$ 
required  for  producing,  and  for  maintaining  a  greateir 
f^hange  of  bulk,  and  when  the  force  is  withdrawn,  the 
body  resumes  its  natural  bulJE,  if  th^  change  has  not  beeir 
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too  groat  We  tmsi  eonchmle  fspm  ihws  &cts,  tM  tbe 
p«rti^ele9  of  %  mild  bo^y*  wfae^t  i^  their  natural  distances, 
«i»iliitr  Atraci  nor  r^pel.  WtMta  forced  nearer  to  ona 
aaofther  thej  v^I^  nd  whoa  4rava  asunckr  t^ey  au 
tract 

1S50.  In  oar  ex^mm^aU  of  Ah  kin^^  a  faxf.  is  obsarved 
that  u  perhaps  univarsal.  If  the  eoinipDai^ioi^  or  dilata* 
tiw  1^0  baen  yery  moderaU,  ap  thfit  tfee  ^bao^ge  ^f  4i«^ 
tance  between  two  adjoining  partic^s  19  but  a  minuta 
poryoA  of  tk«t  dialavcey  it  is  found  th^  k  U  prqportional 
la  the  ^UracUre  or  r]^pMlflj?e  eoq[>u%euUir  ftirc^  which  ii 
tseited  by  the  cbange.  ▲  double,  li^pk,  cpiadru{4e  forea 
k  required  for  making  a  doi^^  tHpfe*  or  quftdruple 
change  of  distance  betweeu  the  partjcle^.  Dr  Robert 
Hoake  mada  tbis  dUoov^ry  with,  raspeat  to  springs  and 
ail  elaatic  bodies,  jn  1$60,  aud  expressed  it  by  the  phrase 
wi  leiiMa  SIC  vu*  It  was  this  observ^on  that  suggested 
to  biui  bis  noble  ijuprov^mei^  on  pocket  watches^  by  putr 
ting  a  spiral  spring  oii  the  axis  of  the  balance.  The  ba^- 
ianae  assttmes  a  oertaioi  quiescent  position.  If  any  force 
eaa  turn  k  10  degrees  from  this  positiofl,  in  (position 
to  the  spring,  a  double  force  will  turn  it  30  degrees,  a 
triple  farce  will  turn  it  30  degrees,  &c.  Such  a  balance^ 
thereCoret  vibratiio^  by  the  action  cif  this  spring,  will  per- 
fann  its  vibratioiis  in  the  same  timei  whether  they  extend 
jyO,  90,  or  30  degcees  on  each  side  of  the  quiescent  po^^ 
tkioB.  lilr  J.  Bernoulli  investigated  the  curve  into 
which  an  elastic  rod  will  be  beut,  an  the  supposition  that 
the  arUracsUve  and  repulsive  forces  wJhicb  are  brought  into 
action  b}r  the  bending,  are  proportional  to  the  change 
produced  in  ihe  diatanoes  between  the  particles.  When 
this  ourte  was  compared  with  experiment,  they  coincided 
most  perfectly*  Mr  Coulomb  of  the  French  academy 
suspended  bcnlies  by  long  wires,  and  tben^  twisting  the 
wire  a  cerMin  number  of  turns,  be  let  it  go,  and  observed 
tTie  oscillations,  fie  found  th^m  perfectly  isochronous, 
VOL.  I.  n 
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whether  the  wire  was  twisted  once,  or  ten,  or  twentj- 
times.  This  proves  inoontrovertibly  that  the  forces  ex« 
erted  between  the  particles  are  exactly  as  the  changes  of 
distance.  Now  when  this  is  the  case,  we  may  say  with 
confidence  that  those  compressions  are  but  very  minute 
portions  of  the  natural  distances  of  the  particles.  The 
truth  of  this  inference  will  appear  very  clearly  when  we 
consider  Mr  Boscovich^s  attempt  to  investigate  the  laws 
of  corpuscular  action. 

Thus  we  see  that  the  analogical  reasoning  concerning 
the  force  of  cohesion,  founded  on  the  actual  observatioa 
of  alternate  attractive  and  repulsive  corpuscular  forces 
altogether  diiTerent  from  cohesion,  are  fully  supported  by 
the  phenomena  of  cohesion  itself. 

251.  From  a  collective  view  of  all  those  facts,  we  must 
conclude  that  the  forces  by  which  the  particles  of  tangible 
matter  cohere  in  its  various  forms  of  aggregation,  are* 
like  gravity,  forces  which  act  at  a  distance,  and  that  they 
vary,  both  in  quantity  and  direction,  by  a  variation  of 
ilistance.  We  must  also  conclude  that  the  distance  at 
which  one  body  suspends  another  (for  it  is  not  confined 
to  the  Huyghenian  experiment  with  glass)  is  greater  than 
that  of  cohesion  or  capillary  attraction ;  and,  since  we 
see  that  enormous  pressures  are  necessary,  in  the  Newto- 
nian experiment,  to  bring  the  nearest  parts  of  two  bodies 
within  the  89000th  part  of  an  inch  of  each  other,  we 
must  conclude  that  at  these  greater  distances  the  parti- 
cles of  bodies  act  on  one  another,  and  that  this  repulsive 
action  is  probably  the  immediate  cause  of  physical  con- 
tact, exciting  the  sensation  of  touch,  and  the  feeling  of 
pressure^  and  that  this  is  the  immediate  cause  of  all  the 
mutual  pressures  which  we  observe  bodies  exert  on  each 
other.  It  is  therefore  the  immediate  cause  of  all  the  mo- 
tions and  changes  of  motion  which  are  produced  by  those 
pressures.  All  those  may  and  must  happen  without  any 
real  mathematical  contact  of  the  bodies. 
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*  SS2.  The  deflectioA  of  a  planet  from  ike  t^ogejfit  of  its 
orbit,  the  deflection  of  a  cannon  ball  front  its  parabolic 
path,  the  approach  of  a  piece  of  iron  to  a  nagnet,  the 
similar  motion  of  electrified  bodies^  the  suspension  of  one 
plate  of  glass  bj  another,  the  repulsion  between  two  ob->. 
ject  glasses,  the  motion  of  one  body  when  it  is  struck  by 
another  («irising  froin  ihe  same  repulsion),  the  motion  of 
water  ID  a  capillary  tube,  and  the  motion  of  the  particles 
of  a  springy  body  when  it  is  bending  or  unbending,  are 
aH  facts  of  one  kind.  They  are  all  equally  the  elfe^cts  9^ 
natural  powei^s  which  act  between  distant  particles.  Of 
this  I  apprehend  every  intelligent  person  will  be  per* 
suaded,  if  he  steadily  confines  his  attention  to  the  parti- 
des  really  in  action. 

2&3.  If  a  vdrtex,  or  a  streatn  of  fluid  oi  any  kind,  be 
considered  as  necessary  for  explaining  the  deflection  of  a 
planet,  it  is  equally  necessary  for  explaining  the  motion 
of  a  billiard  ball  when  struck  by  another.  Nay,  it  is 
as  necestory  for  explaining  the  action  of  this  vortex 
"or  stream  of  fluid.  For;  sbice  the  appearance  of  the 
Uack  spot  between  the  gbsses  does  not  entitle  us  to 
aay  that  thejr  are  in  mathematical  contact,  every  par* 
tide  of  this  vortex  must  be  granted  to  repel  at  some 
-minnte  distance,  or  else  we  must  suppose  another,  vor- 
tex belonging  to  each  particle  of  the  first  to  render  it 
ifflpttlsrve.  In  short,  this  view  of  the  subject  cuts  off  at 
once  all  explanations  by  the  help  of  invisible  impelling 
fluids^  sethen,  atmospheres,  or  by  whatever  name  they 
may  be  called.  All  changes  of  motion  have  for  their 
immediate  causes  those  powers  of  nature  which  we  havj& 
called  accelerating  forces^  accompanying  the  particles, 
and  brought  into  action,  or  excited,  by  the  mere  distance 
and  situation  of  the  related  particles.  There  is  nome- 
•tbadoal  difiTerenc^  between,  them.  The  only  difference  is 
tiie  distance  in  which  the  force  is  exerted,'  and  the  varia- 
tion of  intensity  by  a  Y9i^iatipi|  of  distance.     If  we  l(;np)v 
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th«8«  two  e%^imni8t«iieM»  we  hme  aU  the  knowledge  tliai 
<NiB  he  or  Any  use.  How  gravity  or  any  other  power 
prodHceft  il»  eiieet  i«  of  no  other  use  but  the  gri^ficatioB 
Of  <:urio«ity;  and  if  it  were  gratified^  we  should  be 
equally  cUl^uB  to  find  out  the  cause  of  every  step  of  this 
j^foeess  of  efiSeiency* 

9S4.  Planetaiy  aetion  enttnds^to  the  utmost  bounds  of 
the  solar  system,  and  is  in  the  inverse  dupikate  ratio  of 
llie  dtstances.  Magnetism  also  extends  to  a  great  dis* 
tanoe,  as  we  learn  by  the  acotions  of  the  mariner^s  needle^ 
I'he  klr  of  actien  seems  to  rearadiie  that  of  gravitation. 
Electricity  ib  also  extensive,  and  has  the  same  law.  Fhy« 
sical  contact,  or  i^ansstmB,  becomes  aenMk  at  the  distance 
of  the  5000th  part  of  an  inch  nearly,  and  decreases  mwdi 
fester  than  iki  %he  inverse  dapUcate  ratio  of  the  distances. 
I  couM  infer  this  from  my  experiments  with  die  gkssea 
frith  i^reat  confidence,  altfaoogh  I  could  not  assign  the 
preeise  law.  Cohesion,  with  all  its  modifioations^  has  a 
^nmch  more  limited  ranges  perhaps  not  the  miUiomih  of 
the  milliiMith  of  an  inch.  This  nay  be  inferred  fnom  tha 
pierftsct  continuity  of  the  gold  or  the  silver  wire  emjdoyei 
in  the  manulhcttirff  of  gold  lace,  where  it  is  the  fourteea 
tnilfioath  t^  an  inch  in  thickness.  Yet  even  in  this  mi- 
nute scale,  we  see  by  the  experiments  with  springy  bo- 
dies, that  thb  minute  distance  may  be  sabdivided  into 
inany  poftions,  and  th|it  each  distance  has  a  peculiar  in> 
tenshy  of  cohesion  betonifing  to  it.  Its  law  of  variation, 
taUnig  it  generally,  is  unknown.  For  the  nbservation  of 
Hooke,  ttl  fsitsss  vie  i>t>,  is  tf«e  only  when  the  changes  of 
distance  ^are  very  small  in  comparison  with  the  whole  natu- 
ral distantee  between  the  partides.  We  ahall  connder 
this  more  particularly  afterwards^  and  shaN  leani  why- 
Hooked  observation  isM  .generally  true.  The  modiica- 
tions  of  cohesion  are  innumerabie,  producing  an  endless 
>^riety  of  sensible  lorms,  ^solid,  fluid,  ^vaporous,  in  eadh 
of  which  the  law  of  action-  between  the  coiposdes  is  pre- 
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btblj  difierent.  Abo,  b  eacb  of  iheso  formt  w«  baT# 
tubodUnftte  rarieiies,  wbidi  iiiak«  bodi^f  bard,  soft,  «!••* 
tic,  Qneiaatic,  plattic,  ductile,  viscid;  and  lastly,  tbara 
•re  other  modifications  of  the  corpuscular  foroe,  whidi 
yrodoce  the  phenomeaa  of  soluUoo,  precipitation,  crystaU 
BaatioD,  &c.  See.  &c.  All  and  each  of  these  are  ulUnat^ 
\j  Bftecbanical  farces,  producing  local  motion  and  changey 
of  motion.  . 

256.  In  this  range  of  obs^raiion  there  are  two  c»> 
Iremes.  On  the  one  band,  enlarging  our  scale,  we  bav^ 
ekcUidtj,  magnetism,  and  grantation.  This  last  hiad# 
OS  to  the  bounds  of  the  solar  system.  Najr,  there  ar^ 
appearances  which  render  it  probable  that  it  extenda 
at  leaal  to  some  of  the  fixed  stan.  But  we  have  not  suf- 
ficient authority  for  extending  it  to  all  Gravitation  may 
cease  at  a  certain  dit tance ;  nay  it  may  change  to  a  riepul- 
«irc  force  at  greater  diatances,  and  the  visible  universe 
jaqr  consist  of  parcels  which  are  in  equiiibrio  with  oqe 
another,  as  the  particles  of  a  conmion  body  are  in  equili* 
brio  faetsveen  a  state  of  attractions  and  nepulsions.  Each 
paroel  of  connected  stars,  magnificent  as  it  is  in  our  eye, 
may  thus  constiiate  a  portion  or  particle  of  the  universe, 
Sfi6.  Onr  imaginations  arc  lost  in  the  contemplation  of 
such  a  acene.  But  there  is  no  absurdity  in  the  thought. 
The  ingenious  Dr  HdJey  proved  firom  the  hiw  of  gravita- 
tion, that  there  may  be  within  thii  globe  a  scene  of  exist- 
ence and  habitation  altogether  undieturbed  by  the  gravt- 
tatiaa  af  external  bodies,  yet  every  thing  having  weight 
and  stability  nearly  the  same  as  on  the  surface  of  the 
earth.  To  its  inhabitanti  the  scene  may  appear  as  exten- 
sive as  the  heavens  appear  to  us. 
,  2S7.  There  is  just  as  wonderful  a  seriea  of  connecting 
forom  cm  the  other  hand,  when  we  consider  the  MmaUtr 
smles  on  which  they  are  exerted.  A  pint  of  corrupted 
pmUle  ia  perhaps  as  great  a  nnivene  to  its  countless  in- 
hibilaata  m  the  visible  heavens  are  to  us.  It  requirea  soqse 
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effort  of  imagination  to  subdivide  the  480th  part  of  aii 
inch  into  the  50  diiTerent  portions  in  which  Newton  ob« 
served  the  alternate  inflection  and  deflection  of  light ;  or  to 
subdivide  the  4450th  pf  an  inch  into  the  20  portions  where 
light  was  alternately  reflected  and  transmitted.  Yet  far 
within  the  limit  of  one  unit  of  this  subdivision,  viz. 
Y^J^^th  of  an  inch,  are  exhibited  all  the  alternations  of 
attraction  and  repulsion  which  we  observe  in  the  com* 
pression  and  dilatation  of  bodies.  In  these  minute  scales  of 
force  there  must  be  many  differences,  both  in  the  mag'- 
iiitude  of  the  scale,  according  as  the  body  is  dense  or  rare^ 
and  in  the  intensity  of  the  force,  according  as  the  body  ia 
hard,  soft,  viscid,  &c.  &c.  and  in  the  law  of  its  variation.  • 

But  the  most  wonderful  variety  is  exhibited  to  our  ob- 
servation in  the  structure  of  regular  bodies,  such  as  crys- 
tals; and  still  more  in  the  structure  of  the  organized 
bodies  of  vegetables  and  animals.  We  have  acquired  some 
knowledge  of  the  more  obvious  particulars  of  our  own 
structure;  we.  understand  something  of  the  efficiency  of 
this  structure,  how  it  is  capable  of  performing  its  office. 
We  understand  all  this  by  means  of  the  laws  of  mechanic^, 
that  is,  the  general  facts  observed  in  the  agency  of  all 
pressures.  We  have  now  learned  that  pressures  are  forces 
acting  at  a  distance,  which  are  so  small  in  comparison  with 
ourselves  that  we  cannot  perceive  them. 

258.  Now,  in  those  incomparably  smaller  structures 
which  the  microscope  has  brought  into  view,  we  behold 
machines,  which  perfectly  resemble,  both  in  form  and  in 
function,  the  large  animal  machines  which  are  more  fami- 
liarly known  to  v^s.  These  little  machines  must  be  moved 
in  the  same  way  as  the  larger.  The  whale  and  the  min< 
now,  the  minnow  and  its  fry  (not  one  tenth  of  an  inch 
long)  have  the  same  veins,  and  arteries,  and  nerves,  the 
.  same  livers  and  muscles,  and  their  functions  in  both  are 
the  same.  The  minnow  is  a  giant  when  compared  with 
the  red  ant ;  yet  this  little  creature  is  constructed  with^a 
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variety  of  parts,  and  with  a  polished  elegance  in  every 
member,  that  exceeds  the  most  delicate  piece  of  human, 
art,  beyond  all  imagination.  It  is  really  a  wonder.  One 
of  its  antinne,  (not  ^^^^th  of  an  inch  in  length)  has  12 
joints,  each  consisting  of  a  finely  polished  spherical  ball, 
moving  between  two  hemispherical  sockets,  all  finished 
with  the  utmost  attention  to  elegance  of  shape  and  fitness 
for  angular  motion.  The  most  elaborate  performance 
of  human  art  being  laid  beside  it,  and  viewed  with  the 
same  glass,  appears  a  piece  of  the  rudest  botching.  On 
this  beautiful  little  creature,  Mr  Southern  discovered  an 
acarus,  a  vermin  to  which  the  red  ant  is  a  world.  Even 
this  animal  is  formed  with  symmetry,  and  a  great  variety 
of  parts. 

Beyond  this  our  eyes,  with  all  the  assistance  of  the 
microscope,  can  discern  no  more  structure.  We  can 
only  gaze  and  wonder  at  many  still  smaller  animals,  which 
the  microscope  exhibits,  swimming  about  with  great  vi- 
vacity, and  indicating  by  their  motions  that  they  are  ef- 
fecting the  same  purposes  which  are  effected  by  the  larger 
animals ;  this  authorises  us  to  infer  that  they  are  of  si- 
milar mechanism,  and  that  their  operations  are  performed 
by  the  same  principles  of  mechanical  energy. 

259.  The  conclusion  which  I  think  must  be  drawn 
from  these  observations,  is  that  those  alternations  of  at- 
traction and  repulsion  which  accompany  the  gradual  di- 
minution of  distances,  as  we  continue  to  subdivide  the 
extent  of  a  hair^s  breadth,  must  go  beyond  all  our  con- 
ceptions of  minuteness.  The  distances  at  which  our 
pressures  are  excited,  and  our  sensations  of  touch,  will  no 
more  answer  the  purposes  which  we  see  accomplished  by 
those  little  creatures,  than  an  axe  and  a  sledge-hammer 
will  suffice  for  making  a  repeating  watch  contained  in  the 
size  of  a  seal  ring.  We  must  grant  that  there  are  scales 
still  smaller,  on  which  those  necessary  forces  complete  all 
theif  variation  of  intensity  and  direction. 
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And  lastly,  sin^e  all  ihote  little  objeets  consist  of  iwirtsr 
extremely  difiPercffit,  both  in  compon^t  ingreclienU  and 
in  structui*e,  we  are  d^ain  that  the  {Mirticl«s  of  eaeh  of 
t)i6s^  parts  are  still  <yr*a  very  oonipotiodi^d  nature,  far  re- 
moved from  the  dimpli<:ity  of  a  primary  atom  of  matter, 
and  therefore  consisting  of  many  atoms,  connected  by 
forces  of  a  ekss  6tiU  mor^  removed  fhiiti  those  we  ate  ao^ 
quainted  with. 

260.  On  the  whole,  we  see  that  within  the  narrow  limit 
of  the  four  or  five  thousandth  part  of  aft  inch,  (the  greats 
est  distance  of  sensible  pressure,)  there  actiii^ly  are  a 
numberless  variety  and  alternation  of  attractive  and  re« 
pulsite  forces  exerted  tMltween  the  particles  and  atoms 
of  tangible  matter,  and  that  it  is  to  their  immediate 
agency  that  we  must  ascribe  ell  tht  diversities  of  connec- 
tion, foi*m,  and  distinguishing  propertied,  which  cliarai> 
terise  the  objects  by  which  We  are  surrounded  in  this  suIm. 
lunary  world. 

In  giving  them  the  denomination  of  attracting  and  ret- 
peliing  forces,  and  in  calling  their  eif^cts  attraction  and 
i^epulsion,  nothing  ifi  meant  but  a  denomination.  No  ex- 
planation of  the  manner  of  acting  is  intended,  fiat  they 
are  all  supposed  to  be  of  the  same  kind,  and  similar  to 
the  gravity  or  heavitiefis  of  terrestrial  matter.  If  any 
explication  can  be  grveli  Of  gravitatien^  the  same  must 
be  applicable  to  those  forces  which  connect  the  partieies 
of  tangible  matter.  AH  that  we  are  entitled  to  say  of 
them  is  that  they  vary  in  intensity  and  directifon  by 
every  change  of  distance,  from  the  utmost  bounds  of  the 
solar  system  to  the  actual  coalescence  of  the  acting 
atoms. 

What  then  must  we  conceive  to  be  the  ultimate  action 
of  atom  oh  atom,  as  we  diminish  their  distance  widKMt 
end,  and  just  before  the  annihilation  of  all  dbtance  be- 
tween them.^  It  seems  to  me  Uiat  it  must  be  an  insepa- 
rable repulsion.    We  see  in  the  sensible  masses  a  repUl- 
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aim  whicli  is  prodi|^iowI)r  greal»  before  ihwj  can  Ym 
kmght  to  that  Weiiiitx  at  whidi  no  light  is  reflected  bjr 
the  ghns  flaiee ;  and  we  have  no  evidence  Uiat  ire  oaa 
faiii^  them  idto  mathematical  contact  hj  any  foree  iHiat» 
ercr. 

2BL  It  i^  vdrj  mirprisiflf[  that  the  matfaetnaticiaiu  and 
{ihibfopfaen  at  the  end  of  the  17th  oentttry,  who  were 
80  ardaooflljr  eagaged  in  allying  the  newly  diicorered 
ittxhmary  mattianatioi  to  die  ei^pUaiation  of  the  n»ch»> 
tiioal  phenomena  of  nature,  did  not  torn  their  attention  to 
A dqnirtment whichprnmised  the  riofaevt  orope  of  disco^ 
varies  to  reward  their  lahoun.    Newton  h$4  also  given 
the  philosophers  a  new  systeni  of   mechanioS)  particQ* 
kriy  fitted  for  liiii  research,  and  hod  demonstrated  its 
competency  by  the  most  snocessfal  cxaipination  of  Ae 
great  uorenkents  of  the  onirene.    He  had  also  renuurked 
some  very  enconraging  analogies,  which  seemed  to  admi^ 
the  sane  manner  of  treatment   jn  the  atudy  of    the 
^oorpnacniar  pbeoomana,  and  had   even.fjointed  out  to 
tiiem  many  phenomena  of  Ibis  class,  whicbsltaied  to  ra- 
qnire  thb  method  ahme  for  their  eabplanation,  and  to  re- 
ject it  firom  every  other  quartier;  and  he  gives  ns  sosne 
acooant  of  fan  own  eoDJeetnres  -on  the  sui^ect  in  the  qua* 
ries  aulgoioed  to  hb  Optics.    Nothing  however  was  done 
that  was  of  any  service,  if  we  except  the  spectilntiona  of 
BenioulK,  Msriotte,  and  others,  abont  the  strength  of 
solid  bodies.    Yet  even  these  attempts  were  eoeoureg- 
iog.    The  iitmiense  difficnlty  of  the  task  was  doltbtless 
the  great  obalacle,  and  seems  to  have  deterred  even  New* 
ton  from  fottnidly  engaging  in  it    Dr  John  Keiil  indeed 
gave,  in  No.  3i5of  the  Ffailosophical  Transections,  a  nom* 
her  of  general  theorems  concerning  the  action  of  forces 
flttracttng  or  repeUing  according  to  various  laws  of  the 
distance  ;^nnd  Dr  James  Keill  and  Dr  Friend  gare  Theerit^ 
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of  Physiology  and  Chemistry,  founded,  as  they  said,  on  si- 
milar  theorems.  But  these  theories  were  filled  with  gra-* 
tuitous  assumptions  of  forms  and  motions,  which  rendered 
them  altogether  ridiculous.  Thb  brought  the  whole  de- 
partment of  study  into  discredit,  and  it  remained  entirely 
neglected  for  many  years. 

262.  The  first  who  (so  far  as  I  know)  attempted  •  to 
rcTive  this  study  in  a  serious  manner,  was  the  celebrated 
magnetical  philosopher  Dr  Gowin  Knight.  He  publish- 
ed, in  1748,  his  <'  Attempt  to  explain  all  the  phenomena 
^^  of  nature  by  means  of  two  principles,  attraction  and 
^<  repulsion,  shewing  that  gravitation,  cohesion,  magnet* 
^^  ism,  electricity,  &c.  are  all  the  c^ration  of  those  two 
^*  principles.^ 

Mr  Knight  supposes  two  species  of  material  atoms,  one 
of  which  attracts  another  atom  of  the  same  kind,  and  the 
atoms  of  the  other  species  mutually  repel  each  other.  The 
atoms  of  difierent  species  probably  attract  one  another  ; 
but  of  this  he  is  not  certain.  He  then  shews  how  the  at- 
tractive atoms  coalesce  into  particles ;  and  how  those  par- 
ticles must  be  surrounded  with  the  repelling  atoms  con- 
stipated on  their  surface,  and  even  surrounding  them  like 
an  atmosphere.  From  this  combination  arises  another 
class  of  particles,  which  are  mutually  attractive  or  repul- 
sive, according  to  the  proportion  and  disposition  of  the 
atoms  of  the  two  spaces  of  which  they  consist. 

Mr  Knight  then  proceeds  to  explain  from  those  premises 
the  structure  and  sensible  properties  of  bodies  of  various 
kinds.  The  whole  is  digested  into  formal  propositions 
and  corollaries,  very  distinctly  expressed,  and  the  law  of 
action  which  he  assumes  (viz.  a  force  inversely  as  the  dis- 
tance) is  applied  mathematically.  There  is  very  consider- 
able ingenuity  and  great  sim[dicity  in  the  management  of 
his  principles ;  but  it  requires  only  a  moderate  attention 
to  the  unchangeable  laws  of  dynamics  to  shew  that  almost 
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every  one  of  his  propositions  is  false.  At  the  same  time 
it  is  not  unsusceptible  of  iniprovement,  and  it  deserves  ^ 
serious  perusal. 

This  study  has  never  been  resumed  and  prosecuted  with 
method  and  perseverance.  Yet  the  case  does  not  seenf 
desperate ;  although  we  may  never  be  able  to  acquire  such 
accurate  knowledge  of  the  corpuscular  relations  of  tan-r 
gible  matter  as  we  h^ve  of  the  simple  laws  of  the  planetary 
motions,  and  the  ordinary  doctrines  pf  mechanics,  hyc|ro- 
statics,  and  pneumatics,  it  is  highly  probable  that  a  steady 
and  judicious  prosecution  of  it  would  bring  to  light  some 
general  laws  which  might  be  oT  material  service. 

263.  Father  Boscovich,  one  of  tb^  first  mathematicians 
of  Europe,  and  of  vpry  exteni^ive  Icnqwledge  of  the  phenor 
mena  of  nature,  struck  with  the  importance  and  probabir 
Hty  of  Sir  Isaac  Neiy ton's  conjectures,  has  endeavoured  to 
revive  this  study,  and  published  at  Vienna  in  1759  a  most 
ingenious  work,  which  he  called  Theoria  Philosophic 
Naiuralts  ad  unicam  le^an  virium^  in  Natura  extsterUiun^ 
redacta.  This  is  of  a  very  diffj^rent  c^st  indeed  from  Dr 
Iwnighrs,  and  is  undoubtedly  ope  of  the  most  curious  pro^ 
ductions  of  the  la^t  century,  filled  with  original  and  inge- 
nious notions  of  patural  things,  ^nd  explanations  of  aU 
the  general  appearances  and  mechanical  relations  of  diffe- 
rent kinds  of  matter.  It  richly  deserves  tlie  serious  per- 
usal of  every  philosopher.  Although  the  ingenious 
author  is  far  from  having  attained  the  knowledge  of  this 
characteristic  law  of^  matter,  or  established  a^  perfect 
theory,  he  has  deduced  many  legitimate  consequences 
from  the  phenomena,  which  are  of  very  important  ser- 
vice in  all  mechanical  disquisitions ;  and  I  may  even  ven- 
ture to  say  that,  if  we  shall  ever  acquire  the  knowledge 
of  a  true  theory,  it  will  resemble  Mr  Boscovicli's  iu 
many  of  its  chief  features.  For  which  reason  I  -Bhall 
give  a  slight  sketch  of  its  leading  propositions,  referring 


Digitized  by  VjOOQIC 


268  coBPUScniAm  Acrtoir. 

ibie  reader  to  the  work  itself  for  a  full  account  of  the 
tiieory*.  The  following  are  the  elements  of  this 
theory. 

264.  1^,  All  matter  consists  of  indivisible  and  inez- 
tended  aioms. 

265.  2d,  These  atoms  are  endowed  with  attractire 
and  repelling  forces,  varying,  both  in  intensity  and  direc* 
tion,  by  a  change  of  distance,  so  that  at  one  distance 
two  atoms  attract  each  other,  and  at  another  distance 
they  repel. 

266.  SJ,  This. law  of  variation  is  the  same  in  all 
atoms.    It  is  therefore  mntual ;  for  the  distance  of  a , 
from  b  being  the  same  with  that  of  b  from  a,  if  a  attract 
or  repel  b,  b  must  attract  or  repel  a  with  precisely  the 
aame  force. 

26T.  4^A,  At  all  considerable  or  tensibU  distances  this 
mutual  force  is  an  attraction,  sensibly  proportional  to  the 
square  of  the  distance  inversely.  It  is  the  attraction  call- 
ed gratitatton. 

26fl.  6th,  In  the  small  and  insensible  distances  in 
which  sensible  contact  is  observed,  and  which  do  not  ex- 
ceed the  1000th  or  1500th  part  of  an  inch,  there  are 
many  alternations  of  attraction  and  repulsion,  according 
as  the  distance  of  the  atoms  is  changed.  Consequently, 
within  this  narrow  limit,  there  are  many  situations 
in  which  the  two  atoms  neither  attract  nor  repel. 

969.  6fA,  The  force  which  is  exerted  between  the 
two  atoms,  when  their  distance  is  diminished  without 
end,  and  is  just  vanishing,  is  an  insuperable  repulsion,  so 
that  no  force  whatever  can  press  two  atoms  into  mathema- 
tical contact 

Such,  according  to  Boscovich,  is  the  constitution  of  a 


*  See  Note  IL  at  the  end  of  the  Volume. 
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material  atom,  and  it  is  tlie  whok  of  ita  constitution^  and 
the  imoMdiate  efficient  cause  of  all  its  properties. 

270.  Two  or  more  atoiM  may  be  so  situate,  in  respect 
of  distance  and  position,  as  to  constitute  a  particlk  of 
tbe  int  order.  Two  or  more  such  particles  may  con- 
stituie  a  particle  of  the  second  order,  and  so  on,  to  any 
degree  of  composition. 

Mr  BoscoYich  proceeds  to  deduce  such  consequences  of 
thb  constittttba  as  may  be  called  elementary ;  and  then 
to  siiew  that  these  are  sufficient  for  constituting  a  sub- 
stance having  ail  tbe  sensible  qualities,  forms,  and  physi«« 
eal properties  that  we  observe  in  tangible  matter;  and 
that,  although  all  atoms  of  matter  are  precisely  innilar, 
there  must  result  from  their  combination,  and  the  joint 
action  of  their  atomical  forces,  an  inexhaustible  variety 
nf  external  form,  mutual  relations  and  actions,  fuUy  ade- 
quate to  eiplain  all  tbe  phenomena  of  tbe  material  uni* 
verse. 

271.  All  that  can  be  dcme  in  the  short  while  allowed 
for  this  diecuBsion  is  merely  to  enable  the  attentive  student 
to  form  a  just  notion  of  this  most  ingenious  theory,  and 
vii  its  competency  to  the  explanation  of  nature.  .  I  trust 
&ai  he  will  see  enough  to  incite  him  to  a  perusal  and 
serious  study  of  the  work,  and  that  he  will  find  it  fulPof 
curious  and  valuable  information. 

Mr  Boscovkh  represents  his  law  of  atomical  action  in 
the  Newtonian  manner,  by  what  he  calls  an  easpci'tmontat_: 
curve. 

278.  Let  tbe  diitances  of  two  atoms  be  estimated  on 
tbe  line C AC,  Plate  III.  ig.  1.  A  being  the  situation  of  one 
of  them^  while  the  other  i$  placed  any  where  on  tJbis  line. 
When  placed  at  i,  for  example,  we  may  suppose  that  it 
is  attracted  by  tbe  atom  A,  with  a  certain  force.  We 
on  pepresent  the  intensity  of  this  force  by  the  length  of  a 
line  t7,  perpendicular  to  AC,  and  we  can  express  the  direc-i 
tioD  of  it  (namely  the  direction  i  A,  because  it  is  attrac- 
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tion)  by  placing  1 1  above  the  axis  or  b'ne  of.  distances  ACt 
Should  the  atom  be  at  z,  and  be  repelled,  we  can  express 
the  intensity  of  repulsion  by  x  t^  and  its  direction  (A  z) 
by  pladng  z  t  belo^  the  axis. 

This  may  be  supposed  done  for  erery  point  of  the  axis, 
and  then  a  line  DE  FG  H  I  K  L  MNOPQRS  T  V 
may  be  drawn  through  the  extremities  of  ail  the  perpen- 
dicular ordinates.  This  is  the  exponential  curve,  or 
teale  of  forces,  in  the  manner  employed  in  Dynamics.  , 
~  As  there  are  supposed  a  great  many  alternations  of 
•attraction  and  repulsion,  it  follows  that  the  exponential 
curve  must  consist  of  various  branches,  lying  on  different 
aides  of  the  axis,  and  must  therefore  cross  it  in  manjf 
points,  such  as  £,  6,  I,  L,  N,  P,  R.  All  tbode  are  sup« 
posed  to  be  contained  within  a  very  small  fraction  of  an 
inch,  not  exceeding  the  distance  of  the  glasses  in  the 
Huyghenian  experiment  AR  may  represent  this  distance^ 
magnified  by  a  microscope. 

273.  The  branch  most  distant  frdm  A  is  STY.  This 
must  be  of  such  a  form  that  its  ordinates  CV,  vho p^  &d. 
may  be  inversely  as  AC*,  A  «*,  A  o*,  &c.  RC  must  be 
an  assymptote  to  this  branch ;  and  the  branch  ED  next 
to  A,  must  hate  the  perpendicular  AB  for  its  assymptote, 
because  the  ordinate^  expressing  repulsion^  increases  be* 
yond  all  limit.  The  intermediate  branches  of  the  curve 
must  be  determined  by  means  of  the  phenomena  of  cohe- 
sion, capillary  attraction^  the  repulsion  of  the  glasses  in 
the  Newtonian  experiment,  &c.  &c. 

It  is  plain  that  an  atom  situated  in  any  of  the  points 
E,  G,  I,  &c.  where  the  curve  crosses  the  axisj  will  nei- 
ther be  attracted  nor  repelled  by  the  atom  A.  But  there 
is  a  remarkable  difference  between  the  condition  of  an 
'  atom  situate  in  E,  and  of  one  placed  in  6.  If  the  atom 
£  be  pushed  a  little  nearer  to  A,  as  to  A,  (A  being  held 
fast  in  its  place),  it  will  be  repelled  by  A,  and  a  force 
equal  to  the  repulsioi^  b  r  must  be  employed  to  keep  it  in 
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I;  and  if  this  force  be  withdrawn,  it  will  come  back 
again  to  £.  On  the  other  hand,  if  E  be  drawn  off  to  d^ 
(A  being  held  fast)  it  will  be  attracted  by  A,  with  the 
force  dk^  and  if  the  extending  force  be  withdrawn,  it 
will  go  back  to  £. 

Hence  it  appears  that  two  atoms  situated  in  A  and  E^ 
will  compose  a  sort  of  particle,  which  will  have  a  certain 
degree  of  permanency  of  form.  It  may  be  compressed 
by  an  external  force,  or  it  may  be  distended,  but  will  re- 
cover its  bulk  AE  when  the  compressing  or  stretching 
force  is  removed. 

274.  An  atom  placed  in  G  wiU  be  in  a  very  Afferent 
oondition.  It  may  remain  there  lor  ever,  if  no  compjf'ess- 
ing  or  distending  force  is  applied  to  it.  But,  if  com* 
pressed  in  the  smallest  degree,  for  example  to  t,  it  is  im- 
mediately attracted  by  A,  and  flies  towards  it  with  aa 
accelerated  motion,  and  will  finally  settle  in  E.  If  G  be 
drawn  off  to  m,  it  is  immediately  repelled  with  the  force 
m  ft,  and  will  fly  farther  off,  and  proceed  to  I,  or  perhaps 
farther.  Hence  it  appears  that  the  atoms  A  and  G  can- 
not compose  a  permanent  particle,  but  the  smallest  dis- 
turbance wiU  immediately  destroy  it  irrecoverably. 

275.  It  is  plain  that  the  points  E,  I,  N,  R,  are  situa- 
tions of  the  first  kind,  and  that  G,  L,  and  P,  are  of  the 
second  kind.  Boscovich  calls  the  first  limits  of  cohesion, 
and  the  second  limits  ot  mon*cohbsion.  These  last  are 
better  named  limits  op  dissolution. 

I  said  that  particles,  such  as  AE  or  AI,  have  a  certain 
degree  of  permanent  form,  resisting  compression  or  dila- 
tation, and  again  recovering  their  natural  bulk.  But  this 
is' only  when  the  disturbing  force,  and  the  change  of  bulk, 
have  been  moderate^  the  change  of  distance  being  very 
small  in  comparison  of  the  whole  distance  between  two 
intersections  of  the  exponential  curve  with  the  axis.  For 
if  the  particle  AI  be  compressed  into  less  room  than  AG,  the 
atom  will  not  return  to  I  when  the  compressing  force  is 
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wiybdrftim.  For  it  wttt  no^w  he  rttrtc«e4  hy  A,  wd  tbe 
particle  AI  will  collapse  into  the  bulk  AE.  If  AI  bo 
itretcbed  beyoad  tbe  bulk  AL,  it  will  not  oollapae  ioto 
AI,  but  will  take  tbe  form  AN.  The  ooljr  f^riide  that 
cannot  be  changed  by  any  compression  is  A£«  as  is  evL* 
dent. 

It  is  evident  Aat  the  component  atoms  of  particiea  ao 
eoBstituted  are  in  a  state  of  inftctivity  on  eaeh  other,  im^ 
less  aome  extenud  force  be  applied.  The  atoaw  A  and  I 
neither  attract  nor  repel  eaeh  other.  But  when  the  par^ 
tide  is  actually  compressed,  the  atoms  being  puriied  nearer 
than  thoir  natural  inactive  distance,  they  uamediatsly  re- 
pel; in  like  manner  they  attraot  if  the  particle  be 
stretched.  The  approiimation  or  separatimi  of  tbe  atoms 
gives  occasion  or  opportunity  to  tbe  exertion  of  the  atr 
tractive  or  repnlsive  forces  whU:h  are  isiienent  in,  or  at 
least  always  accompany  the  atonUi  Thus  these  forces 
may  be  said  to  be  exeUei  in  them^  or  fanov^ii  into  action. 
The  compression  or  dilatation  is  therefore  the  occamm^ 
though  not  the  ^gfaeni  cause  of  the  mutuai  attractions  and 
repulsions.  We  moat  alwaya  keep  this  diatinctieii  in 
mind. 

876.  The  nnagnittlde  or  intensity  of  Uicne  atomical 
forces  at  the  different  distances  detehnine  the  form  of  the 
exponential  ourve.  If  a  very  sunleilate  force  prp4«ee»  a 
sensible  compression,  the  ondinates  on  eoeh  side  of  the 
limit  must  be  short,  expressive  of  those  small  repulsioos. 
The  exponential  curve  must  therefore  cross  the  axis  very 
eUiquely,  that  the  ordinate*  e^spressiji^  the  attraotii^  and 
repdling  forces  may  increase  slowly.  Aat  if  it  require  |i 
very  great  force  to  prodnee  a  very  small  eoofuressioin,  tibwe 
sdiall  compression  A  ff  moat  have  a  gr^  ordmate  i  r,  and 
tht  exponential  ourve  ccoaaes  the  asi$  almost  p^rpendion- 
larly. 

We  may  also  remark  (and  the  remarlc  is  important) 
that  when  the  dilatation  or  eompnossion  bears  a  vei^r 
1 
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sm^U  praportipD  to  the  Miutd  diatfuu^  of  Ih^  Utoms*  ^ 
€0mpreMiQn  or  dilatatioo  will  be  very  nenHj  pr^ojrtiQn^} 
lo  the  forces  employed.  Fpr,  «7hen  the  comprension  £  ^ 
is  verj  iiiiiaU  in  cprnpari^oQ  vitJi  A£,  the  arch  r  £  differs 
little  ^m  eelveigbt  liae,  and  tiiecefiire  the  ordin^ttoi  rk^ 
s^bf  Bfe  ?erjr  neerly  propactioBei  to  £i  nod  fii'.  The 
same  mej  he  aflSrmfed  of  the  diiteqeioa  fi  d.  'The  arch 
£  A  differs  liUle  firom  a  right  line,  and  tim  ordbates  ane 
nearlx  ^s  the  abseivMB.  But  it  is  otberwifle  when  ^e  fit- 
latatioB  is  coneideraUe.  When  the  dilaf«tign  E  f{  is  aauoh 
greater,  die  ordinates  d  k  must  now  inereaM  more  slowly, 
and,  when  the  dilatation  has  increased  to  a  cvFtaia  degree, 
ihe  ofdhiatas  will  even  diminish  again,  and  they  are  ro- 
doeed  to  nc^hing  in  the  neigfaliouring  lipait  of  dissoltttioil. 
Many  etomples  of  this  will  •  oeciir  in  tbf  pheDomena  of 
natiMtt.  Qn  the  cither  haad,  when  we  dliserye  the  com- 
pretsiim  pr  dilatation  prpportional  to  the  force  employed, 
we  aoay  conclude  that  the  compression  or  separation  of 
Ihe  alpiBs  is  yery  small  in  comparison  with  their  natural 
jaaetive  distance. 

3T7.  We  may  now  take  the  example  of  this  simplest 
constitotion  of  .a  particle  to  shew  that,  although  the  law 
of  atomieai  action  be  the  same  in  all  matter,  the  action  of 
partieles  composed  of  such  atoms  may  hs  nnsgeakably  ya- 
rious,  aceordipg  to  the  distone^  apd  position  of  the  two 
fiomponeot  atoals.  We  have  apt  room  for  much. of  this 
diacttssion,  and  must  content  ourselves  with  one  or  two 
of  tl^  -nip^t  simple  cases.  But  the  attentive  reader  will 
find  no  difficulty  in  extending  the  inferences  $o  more  com- 
plex cases.  We  shaU  first  eonsider  th^  action  of  such  a 
partiole  on  an  Mom  placed  in  the  axis  or  line  joining  ^he 
fompoaept  atoms. 

fioppose  the^a  particle  XY  (PiateiII.fig.S.)composedof 
iwo  atoms  X  and  Y,  which  are  placed  in  this^rse  limit  of 
sMdiesipn  A  and  ]p  of  fig.  i.  In  order  to  know  the  condi- 
tion of  aa  atom  placed  9fky  where  in  the  line  AC,  we  may 
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suppose  the  whole  ezponestial  cuire  shifted  toward  C,  so 
as  now  to  refer  to  the  atom  £  as  it  formeriy  referred  to 
the  atom  A.  Thus,  for  any  point  in  the  line  EC,  where 
we  suppose  the  third  atom  to  be  placed,  there  are  two  or- 
dinates,  one  of  them  an  ordinate  to  the  cnrre  belonging  to 
A,  and  the  other  an  ordinate  to  the  cur^e  belongmg  to  E. 
If  those  ordinates  are  on  the  same  side  of  the  axis,  then 
the  third  atom  is  either  attracted  by  both  A  and  E,  or  is 
repelled  by  botL  We  must  therefore  draw  an  ordinate 
in  that  point,  equal  to  the  sum  of  the  two  ordinates- 
This  will  ex|iress  the  force  acting  on  the  third  atom.  But 
if  the  ordinates  of  the  two  cunres  lie  on  opposite  sides  of 
the  axis,  the  third  atom  is  attracted  by  one,  and  repelled 
by  the  other  component  atom.  Therefore  we  must  make 
an  ordinate  equal  to  the  difference  of  the  two,  and  phce 
it  above  or  below  the  axis,  according  as  the  repulnve  or 
attractive  forces  prevaiL  Doing  this  for  every  point,  we 
may  draw  a  curve  through  the  extremities  of  all  the  ordi- 
nates, and  it  will  be  the  exponential  curve  for  the  partide 
AE  or  XY  expressing  its  action  on  a  third  atom  placed 
in  the  line  AR.  Accordingly,  the  curve  ip  fig.  2.  is 
consthicted  in  this  very  way.  By  this  we  see  that  the 
law  of  action  of  the  particle  XY,  differs  greatly  from  that 
of  the  component  atoms  X  and  Y.  The  branch  dAH 
iietweeu  the  two  assymptotes  e  h  and  d  h\  is  easily  un» 
derslopd.  At  A,  .the  repulsions  of  the  two  atoms  X  and 
Y  must  efcactly  balance,  and  as  the  third  atom  comes 
nearer  either  to  X  or  to  Y,  it  is  more  strongly  repelled 
by  it  th$a  by  Y  or  by  X. 

j^78.  If  an  exponential  curve  had  been  eonstmcted  for 
a  particle  consisting  of  two  atoms  A  and  I,  it  would  have 
turned  out  still  more  unlike  the  primitive  exponentiak 
This  will  easily  be  bonceived  by  shifting  the  primitive 
curve  fnom  A  to  I.  We  shall  then  find  that  several  of  the 
attractive  branches  of  one  eurve  stand  opposed  to  repulsive 
brabch^s  of  (he  other,  the  consequence  of  which  must  be 
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Uurt  die  ptrticle  AI  will  be  almost  inactive  on  a  third 
atom,  till  it  be  moved  almost  to  the  furthest  limit  of  the 
small  scale  of  corpuscular  action. 

279.  It  is  much  nior^  inlportaht  that  we  learn  the  law. 
of  scKon  on  an  atom  placed  out  of  the  line  AC.  But  w^ 
mast  still  begin  with  a  simple  case.  Let  us  take  a  par- 
ticle composed  of  the  two  atoms  A  and  I,  situated  in  this 
second  limit  of  cohesion,  and  let  us  consider  the  action  of 
the  particle  AI  in  fig.  3.  on  an  atom  placed  any  where 
IB  die  Kne  BCB%  which  bisects  AI  at  right  angles.  Sup* 
pos^  the  third  atom  placed  id  «;  Then  join  A  u  and  I  % 
and  taking  A  ir  in  the  Compasses,  transfer  it  from  A  in  fig.  1  • 
to  a,  and  draW  the  ordinate  uy.  This  is  an  ordinate 
of  bn  attractive  branch  of  the  exponential.  Therefore,  in 
fig.  3.  set  off  from  «^  towards  A,  and  towards  T,  the  two 
lines  uy^  i^,  equal  to  the  ordinate  uy  of  fig.  1.  The 
atom  «  is  attracted  hj  A  and  I  tvith  the  forces  uy^  uy: 
Complete  the' parallelogram  uyvyui  (which  is  a  rhom-^ 
bos)  and  its  diagonal  v  u  wilf  express  the  force  with  which 
a  is  attracted  in  the  direction  u  C.  Draw  « y  perpendi- 
cukr  to  «  Ci  and  make  it  equal  to  u  v,  placing  it  on  the 
right  hand  of  BC,  if  it  represent  an  attractive  force^  and 
on  the  left  as  ir  t',  to  represent  a  repulsive  fotce.  £et  this 
be  done  for  everj  point  of  the  line  BCB',  and  draw  a 
cm?re  line  CGHIKLMNOPQRSTV  through  the  extre* 
mities  of  all  the  ordinates.  This  will  be  the  exponential 
of  the  action  of  the  particle  AI  oxt  an  atom  placed  ^anj 
wherein  the  line  Be  B'; 

We  see  that  this  line  of  action  differs  most  remarkably 
from  that  of  a  eangle  atom.  It  has  indeed,  like  the  single 
atom,  manj  alternatioiui  of  attrliction  and  repulsion.  But 
instead  of  an  .insuperable  repukidn  at  the  greatest  vici- 
nity, we  see  that  the  repulsion  chatiges,  at  G,  to  attrac- 
tion, which  continues  all  the  way  to  the  centre,  and  that 
in  the  very  centre  C  there  is  no  force,  either  attractive  or 
repulsive.     Such  a  particle,  therefore,  will  be  easily  p^. 
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netrabk,  tiiougb  oonposed  of  atoma  exerting  an  insuper* 
ablcf  repulsion. 

It  is  scarcely  necessary  to  advertise  the  reader  tkat  the 
exponential  curve  extends  on  both  sides  of  the  line  AI, 
and  that  the  attractive  and  repulsive  branches  below  C  are 
on  the  opposite  sides  of  B  C  and  B'  C.  Thus  6HI  and 
6'H^r  are  repuluve  branches.  Observe  abo  that  all 
the  branches  on  the  right  hand  of  B  C  B'  express  a  fbrco 
ivhich  produces  a  motion  of  the  third  atom  in  the  (lii'^c- 
tion  BB',  and  all  those  on  the  left  hand  express  forces 
which  produce  a  motion  in  the  direction  B'B. 

It  IS  not  unworthy  of  remaric  that  our  p^uticle  AI 
greatly  resembles  a  magnet  in  its  aetion«  For  it  has  been 
already  observed  that  this  particular  construction  of  the 
particle  renders  it  almost  inactive  on  an  atom  placed  in 
the  line  AI,  while  it  acts  very  sensibly  on  an  atom  placed 
in  the  line  BB^  In  like  manner  a  magnet  acts  strongly 
in  the  direction  of  its  poles,  and  is  without  action  in  the 
direction  of  its  equator.  Moreover,  since  we  observe 
that  a  parcel  of  small  magnets,  or  of  magnetical  fragp 
ments  of  iron,  floating  on  quicksilver,  have  a  disposition 
to  cluster  together  in  a  particular  vay,  rather  than  in  any 
other ;  and  since  this  i^rises  firem  that  difference  in  action 
which  we  call  polarity,  we  must  ascribe  similar  tendenciaa 
to  a  collection  of  particles  constituted  like  AI.  They  will 
possess  polarity,  and  will  cluster  together  in  one  way  in 
preference  to  all  others.  Keeping  this  in  mind  wIU 
greatly  aid  us  in  conceiving  some  of  the  hidden  operations 
of  nature. 

280.  Thus  then  we  see  that,  even  in  this  simplest 
constitution  that  can  be  imagined  for  a  particle,  the  tus 
tion  on  another  atom  is  susceptible  of  great  variety,  by 
the  mere  difierence  of  position  and  distance  between  the 
two  component  atoms.  But  it  must  be  farther  remaiked, 
that  all  these  differences  of  action  on  a  third  atom  are 
confined  to  the  small  and  insensible  distances  wfaidi  tie 
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wiibfai  the  limiif  of  pbjrsical  contact.  At  all  consMerablt 
distanees,  we  ghal  find  notbing  but  the  action  of  grarita^ 
tion,  inversely  proportional  to  the  square  of  the  distances^ 
and  also  proportional  to  the  nnmbar  of  atoms  which  com- 
pete the  acting  particle.  This  will  easily  appeitf,  whed 
we  consider  the  primitive  exponential  curve  with  a  little 
Attention.  The  whde  disUnee  AR  (fig.  1.)  does  not 
exceed  the  thousandth  part  of  an  inch.  Therefore .  snp^ 
pMiitg  A  and  R  to  be  the  component  atoms,  (which  con-i 
siiUitaon  of  the  partide  will  occasion  the  greatest  possible 
ihifting  of  the  exponential  curve),  then,  even  at  the 
dktanee  of  only  a  quarter  of  an  indii  from-  the  particle^ 
ibe  sum  of  the  ordinates  of  the  two  eurres  will  not  dHTei^ 
one  part  in  five  hundred  i>om  the  double  of  either ;  and 
at  the  distance  of  an  ineh,  will  not  diffe;r  one  part  in  a 
bnndred  thousand.  Therefore,  at  all  sensible  distances^ 
we  may  condode  that  the  foreei  are  in  the  inverse  dupli- 
cate ratio  of  the  distances  from  the  middle  of  the  particl^^ 
nnd  are  double  of  ^the  force  tending  to  either  of  the  com- 
ponent atoms.  The  slightest  consideration  wifl  shew  uft 
that  this  is  equally  true  (tf  a  particle  compoeed  of  any 
avmber  of  atotns,  the  partide  itself  being  of  insensible 
nagaitnde.  Its  action  on  a  distant  atom  wiB  be  inversely 
as  the  square  of  the  distance,  and  proportional  to  tht 
nnirter  of  atoms  in  the  particle. 

281.  This  is  equally,  and  even  more  accurately,  true 
t£  its  action  on  an  atom  situated  in  the  line  BB'  of 
Ag.  S.  For,  if  we  lake  even  so  smafl  a  distance  as  CR, 
wliich  is  within  the  limits  of  physical  contlurt,  the  dia- 
tanoea  AR  IR  di^r  very  Ktde  from  CR.  It  b  surely 
iioneeessary  to  insist  longer  on  what  is  so  plidn. 

From  these  considerations,  we  see  that  all  the  varieties 
in  the  law  of  corpuscular  action  will  be  observed  only  in 
the  anMll  and  insensitde  distanced  which  lie  within  the 
Umita  of  physical  contact^  while  the  masses  of  matter 
consiatiog  of  the  atMis  so  coinbined  will  exhibit^  in  aU 
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sensible  distances,  the  attraction  of  gravitation,  propor- 
tional to  the  number  of  atoms,  tbat  is,  to  the  quantitj  of 
inatter  in  the  mass. 

.  282.  We  have  hitherto  considered  onlj  such  particles 
as  consist  of  two  atoms.  But  it  is  evident  that,  if  the 
three  sides  of  a  triangle  are  respectively  equal  to  three 
limiU  of  cohesion,  and  if  an  atom  be  placed  in  each  of 
the  three  angles,  they  will  be  in  a  state  of  indifference  or 
inactiyitj,  in  respect  of  one  another.  If  one  of  these 
atoms  be  moved  a  little  awaj  from  the  other  two,  this 
increase,  of  distance  will  be  the  occasion  of  attractive 
forces  exerted  mutually  between  them,  so  that  the  other 
two  will  be  drawn  after  it  Or,  if  the  atcm  be.  pushed 
towards  the  other  two,  so  as  to  lessen  its  distance  from 
them,  repulsive  forces  are  exerted,  aod  the  two  remote 
atom9  will  abo  be  pushed  awaj.  This  is  surely  the  cha- 
J^ctcr  of  a  particle.  But  we  must  examine  t)iis  connec- 
tion more  particularly. 

.  We  biive  already  seen  that  if  an  atom  be  pkced  in  the 
point  u  of  the  line  BB',  fig.  3.>  it  is  attracted  by  the  particle 
AI  with  a  force  iiy,  and  that  if  placed  in  z^  it  is  repelled 
with  the  force  z  i.  In  either  case,  therefore,  it  b  impelled 
towards  the  situation  N,  where  its  distances  NA  or  Nl  is 
the  same  with  N  A  of  the  primitive  exponetftial,  fig.  I.  This 
happens,  not  only  when  the  atom  is  drawn  away  from  its 
quiescent  situation  N  in  the  direction  NB,  or  pushed  in 
the  opposite  direction  NC,  but  also,  when  removed  from 
N  in  any  direction.  Thus,  in  fig.  4.  let  the  third  atom 
be  dWwn  laterally  from  N,  into  the  situation  a.  By  this 
removal,  it  is  drawn  a  little  farther  from  the  component 
atom  A.  .  It  is  therefore  attracted  by  it,  we  may  suppose 
With  the  force  n  p.  By  the  same  removal,  it  is  brought 
a  little  nearer  to  the  atom  I.  It  is  therefore  repelled  by 
it,  suppose  with  the  force  %  p.  By  the  joint  action  of  the 
forces.no  and  np,  the  atom  is  impelled  in  the  direction 
^  J,  and  made  to  approach  its  quiescent  situjition  N.    It 
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requires  a  force  qn  to  keqp  it  in  nt  (A  and  I  being  mx^ 
poied  to  be  held  fast  by  some  means  in  their  plaoes)  and 
when  this  force  is  withdrawn,  it  returns  to  N. 

Thus  we  see  that  A,  I,  and  N,  will  cpmpose  a  particle 
baring  both  length  and  breadth,  and  that  it  retains  both 
its  bulk  and  its  shape  with  a  certain  force.  It  has  all  the 
characters  olF  a  particle.  It  is  sureljr  needless  to  shew 
that  all  these  things  are  true,  although  the  form  of  the 
partide  be  not  that  of  an  isosceles  triangle.  All  the  rea« 
soiling  would  have  been  the  same,  although  one  side  had 
been  AI  of  the  primitive  curve,  fig.  1.  another  AN,  and  the 
third  AR.  All  that  is  required  is  that  the  three  sides  of 
the  triangle  be  limits  of  cohesion. 

•283.  It  b  of  particular  importance  to  altend'to  the  late- 
ral force  »  q  exerted  by  the  atom  N,  fig.  4.  when  it  is  drawn 
a  little  aside  from  the  lifie  NP  joining  it  with  the  centre 
of  the  particle  AI.  This  drcumstaoce  gives  us  a  clear 
notion  how  a  number  of  atoms  may  be  disposed  and  com- 
hined  so  aa  to  compose  a  material  surface.  For,  if  they 
be  all  placed  symmetrically,  in  tl»e  angles  of  triangles,  so 
that  each  atom  mi^  be  in  a  limit  of  cohesion  with  its  ad« 
joining  atoms*  as  is  Represented  by  the  points  in  fig.  6. 
such  an  assemblage  will  form  a  sort  of  material  surface. 
If  the  atoms  in  the  line  AB  are  held  fast  in  their  places, 
and  a  small  force  be  applied  to  the  atom  CD,  tending  to 
urge  them  towards  £,  it  is  plain  that  this  must  excite 
the  corpuscular  forces  inherent  in  the  atoms.  Those  in 
the  side  DB  will  be  compressed,  and  will  exert  repulsive 
forces,  while  those  in  the  side  C A  will  be  drawn  farther 
from  each  other,  and  will  exert  attractive  forces.  We 
shall  have  a  very  distinct  and  a  very  just  notion  of  this 
mechanism  by  supposing  all  those  atoms  to  be  connected 
by  slender  elastic  spira)  wires  like  corkscrews.  Urge  any 
one  atom  nearer  to  another,  and  we  compress  the  inter- 
powd  spring.  It  resists,  and  when  we  withdraw  the 
compressing  force,  it  unbends,  and  pushes  the  atom  to  its 
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fotffiei*  ildakit  U  Wk  Acan  ilfi  atdiil  father  (tain  lis' 
neighttotu*,  tli«  toUsl'ireilili^  ^ptiHi  ^^S  8tr«ttbed)  fexert^ 
a  contractile  tbr^,  #bicb  i^UI,  iH  likfe  hiAiltier,  biriiig  the 
aCoM  Imlk  W  \U  tmnrkl  qui^c^nl  jiosUioh.  A  liltle  at- 
tei^tibrt  tD  thl^  (for  without  ^ttentioh  ii&tliiDg  caii  be* 
learned)  will  m^k#  it  iiVident  thftt  the  A«iioil  which  the 
e^tem&l  fofeie  |fii6dtac^  6n  thi  bodien  M  ^nfiedt^d^  Htld 
the  ^«8iHttflc«  ot>pd»^  bj  thb  bodies  ^h^  tllu§  bMt, 
8fid  the  reeovel*^  tif  the  original  fbrtti  when  the  eJtterilAl 
fotbe  i^  ^itbdtaWtt,  Ml  pfoc^A  frMi  the  etastieity  df  ih6 
idottniectfng  Wii(t».  This  elastic  iietion  obtein$  #hen^er 
il  ^prttig  1ft  ccnttpreft^ied  or  stretched,  aiii  not  MhtrwM.  lb 
like  manner,  the  inherent  ccyrpiisMhr  Tofceft  fnvst  be  tx^^ 
efiedy  or  kn  oppoittAilf  miirt  be  giTen  f6r  their  exertbn. 
This  is  dorie  by  chlittgfng  tttfe  ftfttikiiil  distitnces  of  th^ 
fildih^,  in  which  thcjr  Axert  hd  force,  Tor  greater  ot 
tfttaNek*  dist&tices^  in  i^hicfa  they,  exert  attfbcttti^  bt  re^i 
paklve fbx^es.  And  #e  e^Mljpercdve.lbat  this  eiceh^^ 
lion  of  the  atomienl  forces  takc^  fiAce  ^tr  the  wkdte  «s«e^ 
Mage.  For^  when  1>  fig.  5.  ift  piriled  in  the  diteetkni  ]>E,  it 
drawn  a#ay  frdm  C,  and  is  pressed  a  little  tdwai*d$  1, 
Therefore  1  refti^ts^  AMd  is  at  the  teme  tim^  ()^esKed  to^ 
wards  4.  This  bide,  th6r«r6f ^  bteoin«d  a  soil  Of  Mcfom 
or  prop,  by  ideans  of  the  eierted  repiilsipfts.  C  is  drawn 
ftfter  D^  ahd  thei^o^e  1ft  separated  fMtti  3-,  and  attrictioii 
is  ejceited  between  G  ahd  %  The  l&tdtt  3  ift  tlVus  Ate^vrh 
away  from  5,  and  attrttetloU  is  etdtted  between  tbetti,  by 
which  5  ift  drawn  away  from  A.  Ahd  thus  all  the  atMift 
on  the  side  l)B  are  in  a  state  of  cottipresston,  'exttltfig 
tej^ulsive  foirdes^  white  those  on  |he  side  CA  are  stretljheit^ 
and  exerting  attractive  forces.  We  need  only  cbnblder 
what  ftpiral  frires  ii^\M  he  in  a  stale  4(  extensidn^  and 
what  in  a  state  of  cotbpressioQ ;  and  We  may  be  ^wstiHed 
th&t  they  are  eiterting  foreifes  pr^iMly  sinnlAr  to  die 
atodkieal  forces  in  the  theory  of  Bosedvieh. 
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.  Bbfere  ipiitliBg  the  rabfn^  of  the  material'  mrtdte^ 
tberi  refltoiat  anaiher  inportant  obserralion. 

884.  Let  A  and  B  (fig.  6.)  he  t#o  atoads.  Hie 
dircies  described  itnind  tfa^  as  o^htree  with  a  foil  liile# 
are  8ii{^MNied  to  hate  ihniti  of  cdkasion  for  thd  radif^ 
The  doUed  etreles  hare  for  tfaeir  radii  littiits  of  dissolvf 
tion.  Therefore  an  atom  in  C  will  remain  there.  Sd 
will  an  Moan  in  N,  D,  S»  G,  F,  E;  oi*  M.  Sappolcf  N 
draWn  towards  c^  it  tcndtf  to  ^diam  h9tk  to  N.  For  if  II 
be  aitiKtted  in  any  jlart  of  the  little  ifuadrangle  betwete 
N  and  a^t  B  atttwted  bfkh  bf  A  and  bj  B.  In  Iik6 
mantier^  if  it  foe  ib  any  part  of  tbe  l|Ulid|Bngle  between  N 
and  iy  it  is  attracted  by  A^  and  repelled  by  B,  aftd  ther^ 
Ute  tends  toitrairdB  N.  in  HhOrt,  into  wbicheTer  of  tho 
four  quddringlei  nmnd  N  it  be  taken,  tbe  eambined  a^ 
tion  bf  A  and  B  tend  to  utgci  it  klwnrde  N* 

The  atom  wHl  also  remain  at  r^t  in  ov  ^  c,  d»  c^  ^  a? 
g.  Suppose  a  to  be  drawn  ipto  atiy  of  the  qnadrangle^ 
wfaibh  smroand  it^  for  esample,  itto  the  quadrangle  a  ^i 
it  18  repeHed  both  by  A  and  B.  Th^eftm  it  wlH  not 
retaril  to  a^  but  v^ill  imiAediately  fo  to  C.  If  if  be  takoa 
into  the  quadrangle  a  N,  then,  being  attracted  by  A  alld 
B,  ft  will  ikitmediiftdy  go  to  N.  If  taken  into  the  quai. 
drangle  p  D^  bein^  atfraoted  by  A  and  r^elted  by  B^  it 
will  go  tb  Di  If  taked  mto  tbe  qvndnriigle  a  £^  it  iii 
attraeted  by  B  and  repelled  by  A^  and  will  go  to  E.  In 
-like  tnanner ,  an  atote  ]rfa<!ed  in  6,  or  in  e^  or  in  fi  if  dia^ 
turbed  in  the  smalltot  degl^,  wiH  iMmMiatety  leave  that 
iKwition,  ahd  IfiH  settle  in  one  of  tbe  neighbouring  inter« 
sedtions  of  limits  of  cohesion. 

Thus  it  appears  that  in  ail  the  inta^sectiotis  Of  the  foil 
eircles  tbe  third  atom  will  i^olnbtne  with  the  other  two, 
and  compose  a  particke  of  three*  atoms,  hairing  a  bulk  and 
efaape  wbieb  resist  a  moderate  chaiiging  foree.  But  oh 
atom  situated  in  sAj  interval  of  the  dotted  circles  eannot 
form  a  particle,  but  will  be  forced  by  the  smallest  dis* 
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turbiDg  force  to  alter  its  situation,  and  assume  another, 
in  which  it  may  compose  a  permanent  particle.  It  ii 
evident  that  if  the  atoms  A  and  B  have  many  limits  of 
cohesion  intervening,  t,he  number  of  intersections,  such  as 
C,  D,  £,  N,  &c.  must  be  very  great,  and  therefore  the 
particle  of  three  atoms  is  susceptible  of  a  great  variety  of 
forms. 

After  shelving  how  two  atoms  may  compose  the  sim- 
plest particle  that  is  possible,  it  was  shewn  that  the  law 
of  action  of  this  particle  on  a  third  atom  is  extremely 
different  from  the  primitive  law  which  characterises  an 
atom  of  matt^r,  and  that  it  was  susceptible  of  a  great  va- 
riety. We  might  now  proceed  to  shew  that  the  action 
of  a  particle  consisting  of  three  atoms  differs  from  both, 
and  is  susceptible  of  much  greater  variety.  But  this  is 
so  evident,  and  the  detail  of  the  differences  would  be  so 
leflioiis  and  complicated,  without  terminating  in  any  thing 
very  general,  and  at  the  same  time  precise,  that  it  is  bet- 
ter to  abstain  from  the  discussion,  and  to  proceed  to 
something  that  will  bring  us  more  speedily  to  a  corres- 
pondence with  our  observatbn  of  the  phenomena  of  tan- 
gible matter. 

285.  Therefore,  we  shall  end  the  whole  of  thb  elemen- 
tary part  of  Boscovich^s  theory,  by  shewing  bow  it  will 
account  for  the  appearance  and  sensible  Qualities  of  a 
mass  of  tangible  matter.  The  attentive  reader  must  have 
in  some  measure  guessed  at  this  already.  Suppose  the 
three  atoms  A,  B,  C,  (fig.  7.)  placed  in  limits  of  oohe* 
eion,  composing  a  particle,  having  both  length  and 
breadth.  To  make  the  case  as  simple  as  possible,  let  AB, 
BC,  and  CD,  be  all  equal.  We  can  now  suppose  a  fourth 
atom  D,  above  the  plane  ABC,  and  so  situated  as  to  be 
in  limits  of  cohesion  with  each  of  the  other  three  atoms. 
We  may  still  take  the  most  simple  case  possible,  and  sup- 
pose each  of  the  triangles  ADB>  BDC,  CDA,  to  be  equi* 
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kitoBl,  and  tbe  wbole  to  be  sides  of  a  regular  tetrahedron 
«r  triangular  pyramid. 

Here  we  have  a  particle  having  length,  breadth,  and 
thickness,  fit  for  being  a  particle  of  tangible  matter.  It 
is  now  evident  that  in  the  same  manner  that  a  surface  was 
constituted  in  fig.  5,  a  mass  of  any  siae  and  shape,  faav* 
ing  length,  breadth,  and  thickness,  may  be  composed  of 
atoms,  all  arranged  in  this  way,  each  being  i|i  the  angle 
of  a  regular  tetrahedron.  This  would  be  a  mass  perfectly 
homogeneous.  It  will  hare  a  certain  degree  of  firmness ; 
that  is,  it  will  resbt  a  certain  compressing  or  dilating 
force,  on  the  withdrawing  of  which  it  will  recover  its  na^ 
tural  bulk  and  shape';  or  it  may  not  be  perfectly  faomoge* 
neoos,  if  the  tetrahedrons  are  not  all  regular,  yet  still  hav* 
ing  their  angles  situated  in  limits  of  cohesion  with  each  of 
the  adjoining  angles,  or  rather  with  the  atoms  situated  in 
them ;  or  the  atoms  may  be  in  the  angles  of  cubes,  or  in- 
deed of  any  figures  whose  sides  are  limits  of  cohesion.  It 
is  plain^  that  if  the  distances  between  theke  atoms  be  so 
small  as  altogether  to  escape  our  observation,  the  assem- 
blage will  appear  a  continuous  uninterrupted  body.  It 
will  have  the  mechanical  properties  that  we  perceive  in 
all  bodies.  It  will  gravitate  in  proportion  to  the  number 
of  atoms  contained  in  it,  that  is,  in  proportion  to  its  quan- 
tity of  matter.  It  will  exhibit  all  the  appearances  of  co- 
herent matter,  because  when  brought  near  enough 'to 
another  such  collection  of  atoms,  the  nearest  atoms  of 
each  will  act  on  each  other  with  that  repulsion  which  is 
seen  between  the  object  glasses,  producing  sensible  con- 
tact and  pressure.  One  part  of  it  being  impelled,  th^ 
whole  will  be  put  in  motion,  because  the  particles  imme- 
diately impelled  cannot  move  without  either  coming 
nearer  to  the  others,  or  separating  farther  from  them. 
Either  of  these  events  are  the  occasion  of  corpuscular 
forces  being  excited  among  the  particles ;  and  those  must 
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-pcednob  rtDtimi*  We  shall  arflstwArds  see,  #{th  coiiipl^M 
evidence,  that  they  must  produce  the  very  matwM  that  M 
Aterve.  We  will  be  greatijr  asnated  in  our  eonceptlMs 
at  all  this  intemal  aUd  unseen  meehanisnb  by  still  eompar<A 
ing  this  assemUage  of  atoms,  connected  by  liltracting  and 
fepelliiig  forces,  with  a  number  of  bodies  connoted  by 
spiifal  dasiic  wires.  We  diay  suppose  those  bodies  {bo 
mnmj  balls)  arranged  in  the  angks  a[tega\§t  or  irreg»iar 
solidsi  tMI  they  form  a  cluster  of  any  sise  ud  shap^ 
This  may  be  considered  as  m  niagAified  repreaeBtation  of 
the  pleee  of  tangible  matter.  A  small  bit  of  die  pith  of 
folder,  when  riewed  fhroii^  a  microscope,  will  give  us  A 
very  godd  tiotion  of  thn  structure.  It  consists  of  a  ]^um<» 
ber  of  dodecaedttms,  the  sides  of  which  are  so  thin  as 
ikcai^cely  to  be  visible ;  and  there  is  in  each  angle  a  little 
}th6if  GOtiBfscled  with  its  nei^ibonring  knots  by  visible 
thi'eads,  ^hkfa  strengthen  the  angia  of  the  planes.  The 
whole  is  a  piete  of  b^aottful  cage-werk.  The  knoU  are 
analogotts  to  our  aftoms,  lind  the  corarfeeting  threads  and 
films,  being  elastic,  etert  coatraciile  or  protmstve  foives^ 
litcording  as  they  ale  stretdied  dr  corapi^Bed. 

Such  a  structure  will  lie  on  the  tiiUe,  will  carry  another, 
and  be  conlprlsssed  a  little  by  the  weight.  Such  a  eollec«> 
tioft  will  be  moted  by  another  bitting  it,  and  the  motion 
of  the  parts  remote  ftom  the  pail  that  is  hit  is  efikted 
aalely  by  the  eUstieity  of  the  connecting  springs,  aUd  this 
elasticity  is  e^sdted  by  the  compression  or  dilatation  of 
the  whole  structure.  The  simiUtode  in  mechanic  action 
is  very  accurate. 

886.  It  ii  not  noceittary  to  prosecute  the  theory  of  Mr 
Boseovich  much  farther.  It  is  va^y  evident  that  what  we 
have  said  of  a  mass  composed  of  atoms  acting  on  eadi 
isther  is  equally  ap}ilicable  to  a  mass  consisting  of  partidai 
ixAnposed  of  such  atoms.  Such  particles  aet  on  each  other 
US  the  atoms  do,  but  the  law  of  action^  that  is,  the  dionge 
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or  foree  by  a  change  of  distance,  mu^t  be  very  difFennt. 
SdH,  however,  the  general  oAtensible  results  will  be  simU 
kr;  and,  since  all  the  actions  are  ultimately  derived  from 
the  atomical  forces,  and  arise  from  their  combisalion,  the 
actions  of  different  fMurtides  must  depepd  entirely  on  tho 
nanner  in  which  their  atoms  are  situated  in  respect  of 
each  other.  Therefore,  there  may,  and  there  must,  he  an 
almost  infinite  variety  in  the  manner  of  acting  of  diffci«nl 
substances,  according  to  the  structure  of  the  particles  i  , 
and  all  those  differences  will  be  confined  to  the  small  and 
insensible  distances  in  which  the  atoms  and  particles  are 
situated,  while  in  all  sensible  distances  we  shall  aee  not 
thing  bnt  the  attraction  of  gravitation  proportional  to  the 
quantities  of  matter.  The  phenomena  of  solid  and  liqtti4 
cohesion,  with  all  its  varieties  of  softness,  hardness,  ductir 
lity,  viscidity,  and  perfect  fluidity,  must  arise  from  the 
different  manner  in  which  the  atoms  are  arranged  in  formt 
jng  a  particle.  Thus,  if  they  are  so  arranged  that  the  aor 
tion  of  a  particle  is  the  same  in  eyery  direction,  varying 
only  with  a  variation  qf  distance,  and  of  any  degree  of  inr 
tensity,  however  great,  the  situation  of  one  particle  among 
tlie  rest  must  be  perfectly  indifferent ;  and  this  assem- 
blage will  have  the  ostensibly  qualities  of  a  fluid.  But  if 
the  action  of  a  particle  is  greater  in  one  part  than  ip 
another,  or  greater  in  one  direction  than  in  another,  such 
particles  will  not  take  aiiy  situation,  among  the  others  int- 
difierently.  They  will  coalesce  in  one  way  rather  than 
another,  just  as  we  observe  ^  parcel  of  amaU  njagneta 
floating  on  quicksilver  tq  do.  These  will  not  cluster  tin 
gather  e:(€ept  in  thPT  own  way.  fittob  particles  will  have 
8  sort  of  polarity.  Thin  eonatitutiQa,  in  a  greater  or  less 
degree,  must  be  supposed  in  the  particles  of  all  solid,  and 
in  a  atiU  smaller  degree  in  riaeid  fluid  bodies.  The  no- 
tions which  the  preceding  observations  enable  a  reflecting 
naind  to  form  of  the  construction  of  particles,  point  out 
this  as  likely  to  be  the  moat  general  constitution  of  tangi- 
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ble  matter;  that  ia  to  saj,  the  number  of  particles  which 
act  equally  in  everj  direction,  is  not  probably  so  great  as 
that  of  particles  havbg  inequalities  of  action  on  the  dif- 
ferent sides.  For  a  certain  dtterminaU  arrangement  of 
atoms  is  necessary  for  the  first,  whereas  the  posnUe  ar- 
rangements exceed  all  numeration.  Perfect  fluidity,  there- 
fore, dcToid  of  all  viscidity,  will  be  comparatively  rare, 
and  the  varieties  of  viscid^  soft,  and  firm  cohesion  will  be 
very  great.    All  this  is  agreeable  to  what  we  observe. 

887.  It  seems  to  result  from  the  preceding  observations 
that  all  bodies  should  be  perfectly  elastic.  For ^  when  a 
particle  AI  (fig.  1.)  is  compressed,  and  the  compressing 
force  suddenly  withdrawn,  the  atom  I,  which  was  com- 
pressed to  some  point  between  I  and  6,  will  immediately 
fly  back  to  I  with  an  accelerated  motion ;  and  therefore 
vrill  not  stop  there,  but  will  pass  on  towards  L,  till  its 
motion  is  gradually  reduced  to  nothing  by  the  attraction 
of  A.  It  will  come  back  to  I  with  an  accelerated  motion, 
pass  it  as  far  as  before^  and  thus  will  osdlkite  for  ever  on 
each  side  of  I,  and  the  whole  particles  will  be  made  to 
vibrate. 

But  we  have  seen  that  if  the  disturbing  fbrce  elceed  a 
<iertain  moderate  quantity,  the  particle  will  not  return  td 
I  but  may  go  to  E  or  to  N,  fig^  1.  And  we  have  seen  (284) 
that  when  the  limits  of  cohesion  and  dissolution  are  very 
numerous,  the  situations  in  which  a  third  atom  may  rest 
in  relation  to  a  particle  consisting  of  no  more  than  two 
atoms,  are  still  more  numerous^  Now,  wheri  we  consider 
a  body  as  composed  of  particles^  each  of  which  contains 
many  atoms,  it  is  evident  that  the  situations  where  a  par* 
tide  may  be  at  rest^  are  increased'  in  number  beyond  all 
power  of  calculation. 

268.  What  should  be  the  ostensible  efAct  of  this  con^ 
stitution  ?  If  we  examine  the  motion  of  the  particles 
by  the  methods  laid  down  in  dynamics,  we  shall  find 
tl(at  all  bodies,  when  dilated  or  compressed. by  very-small 
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forces,  should  recover  their  form  like  perfectlj  elastic 
bodies.  But  if  the  disturbing  force  has  exceeded  a  cer- 
tain quantity,  which  maj  be  very  different  ip  different 
eonstnictions  of  the  particles,  the  restituent  force  must  be 
less  than  the  changing  force— the  form  will  not  be  com- 
pletely restored,  and  the  bodies  must  appear  imperfectly 
elastic ;  and  the  sensible  elasticity  will  be  so  much  the 
less  as  the  particle  has  been  forced  over  a  greater  number 
of  limits;  because  it  will  only  return  to  the  left  of  those 
it  has  passed  over. 

This  is  a  consequence  of  the  theory  that  is  confirmed 
by  the  most  extensive  experience.  Mr  Coulomb  was  en«> 
gaged  (for  a  particular  purpose)  in  a  series  of  experiments 
on  the  oscillations  of  springs,  particularly  of  twisted  wirea. 
He  suspended  a  nicely  turned  ball  or  cylinder  by  a  wire  of 
a  certain  length,  and  fitted  it  with  an  index,  which  pointed 
out  the  deg^rees  of  the  torsion.  He  found  that  when  a 
wire  of  80  inches  long  was  twisted  ten  times,  the  index 
returned  to  its  primitive  position,  if  repeated  a  thousand 
times,  and  the  oscillations  were  made  in  equal  times, 
whether  wide  or  narrow.  But  if  it  was  twisted  eleven 
times,  the  index  did  not  return  to  its  first  place,  but  want- 
ed nearly,  a  whole  turn  of  it  Here  then  the  parts  of  the 
wire  had  taken  new  relative  positions,  in  which  they 
were  again  at  rest  But  what  was  moat  remarkable  in 
Coulomb^s  experiments  was  this.  He  found  that  after  the 
wire  had  taken  this  set,  (as  it  is  termed  by  the  artisans) 
it  exhibited  the  same  elasticitjUias  before.  It  allowed  a 
torsion  of  ten  turns,  and  when  let  go,  it  returned,  and 
after  its  oscillations  were  finished,  it  rested  in  the  posi<« 
lion  from  which  it  had  been  taken.  1  wa^r  mAch  struck 
with  this  eiqperiment,  and  immediately  repeated  it  on  a 
great  variety  of  substances,  with  the  same  result  The 
most  unelastie  substance  that  I  know  is  soft  clay.  I  got 
a  thread  made  of  fine  clay  at .  a  pottery,  by  forcing  it 
through  a  syringe.    It  was  about  ^^^th  of  an  inch  in  dia^ 
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meter,  «nd  elerem  feet  long.  WbHe  quite  toft,  (ead 
smeared  with  olire  oil,  to  preirent  its  sliifeoiag  bf 
the  evaporation  of  it^  moisture,}  I  fasten^  it  (o  the 
ceiling,  and  fixed  a  small  weight  and  an  index  to  its 
lower  end.  I  found  that  it  made  5^,  turns  a  hundseil 
times  apd  morip,  without  the  smallest  diminution  of  ii$ 
elastioity,  always  recoreriog  its  iirst  position.  But  when 
I  gave  it  seven  turns,  it  returned  only  5^.  Thus  it 
took  a  set  In  this  new  arrfuigement  of  its  parts,  I  found 
that  it  again  bore  a  twist  of  5^  turns  without  taking  any 
new  set  And  I  repeated  this  several  times.  1  then  gave 
it  ten  turns,  in  the  same  direction  with  the  first  seven. 
It  return^d  5^  as  before,  md  was  agaia  perfectly  elastic 
within  this  limit 

I  therefore  look  upon  this  consequence  of  Bospovieh^s 
theory  as  perfectly  agreeable  to  what  we  observe  in  tan- 
gible matter.  Mr  Coulomb  infers  from  his  experiments 
tiiat  the  ultimate  particles  of  bodi^  are  perfectly  elastie, 
and  that  the  imperfect  elaaticity  that  we  observe  is  owing 
to  the  particles  shifting  their  positions  when  forced  too 
far  from  their  present  situations.  This  is  a  very  fami- 
liar  and  ea^  wpty  of  conceiving  it,  and  it  is  very  evident- 
ly the  case  in  such  a  body  as  clay,  which  we  ean  twist  and 
force  into  any  mvtual  position  of  its  parts.  But  ttiis  perfoet 
•kstieity  of  the  ultimate,  particles  can  be  conceived  in  no 
other  way  than  that  described  by  Boscovich*  I  may  add 
that  Coulomb  is  probably  riglit  in  ascribing  the  drifting 
of  position  $oUfy  io  tbepmwlides^  and  not  to  the  atoms  of 
whic(i  they  are  eomposed*  For  if  th^  alixns  of «  pertide 
shifl  their  places  in  the  partiele^  the  nature  and  manner 
of  acting  \it  that  partide  will  be  changed.  It  is  also  a 
iewunulnabU  consequence  of  Boseovich^s  theory,  tbat  the 
forces  which  resist  a  diange  of  pcsiiion  amoQg  the  atomic 
must  be  incomparably  greater  than  the  similar  forces  of 
the  particle^ ;  and  al^o  that  the  number  iof  .  quiescent 
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289.  Another  appearance  of  taiigilUe  mtttfff  sImWs  m 
most  MBOMng^Bg;  ooofarmity  b»  tha  thaorjF.  Wben 
iodba  aver  verjr  tskoi/omt/Af  oompremd  of  dilatcldy  lh» 
Ifarcaa  enpley  td  aro  ^roportioMl  toi  the  ahmge  of  dbUmee 
botwiBM  the  iNuiidfM.  ThU  appeajfa  oMt  vSi^ctlj  trad 
in  tiw^esporiMBtttt  of  Dr  Hooka*  m  wiHoh  he  f<mBckd  hie 
theory  of  springs,  ex|iresi€d  in  the  phf aie  i$  Mm  nt  viti 
and  hfe  Aol^ke  iiapreiteHMit  of  pooktt  vat^het  by  ftppiy- 
iang  a  ^liral  ^hag  t^  titfs  aitis  of  the  bal4M)««  mhkht  hy 
lie  beniUog  audi  i|nbendiiig,  produced  (^  fQfc$  prepeTtional 
to  the  angle  of  the  oscillations,  and  therefor^  made  them 
Isochronous,  whether  wide  or  narrow.  It  is  also  confirm^ 
ed  hf  the  expevitteDte  q§  Coatomb  on  (wilted  wives ;  and 
by  the  foron  of  the  eieetie  -cunre^  m  date rmfoed  by  Qer- 
itoiiUi,  em  Ibe  sappoeitiqii  that  the  forces  with  whicb  the 
particles  altraelcd  and  repelWd  e4ch  other  are  pioportioael 
t*  thcSr  renieTal  fre«a  th^  natural  qiii^scent  positioiia. 
But  it  ia  foned  that  when  the  oetospreasien  or  dilatation 
is  too  muqh  mcreaiedt  the  resislnnee  does  not  increase  se 
fast ;  tkit  it  ceoeea  to  %  «ia:(ii]iUK|i  by  itiH  inereasing  the 
sindn,  tbeH  decreeseaf  ffiad  the  body  takea  a  great  set,  or 
bnsak«.  AH  thia  is  perfeetljr  enalo^ous  to  the  forces  ex- 
preaani  by  the  eedinetes  of  our  eoq^iooeatial  eurve.  In  the 
immedietfl  iridm^y  ilf  the  Uifiits  ef  cohatloni  the  oirdi- 
SHtes  tncreese  neariy  m  the  ratie  of  tfa^  absctesa,  then  they 
iiievcese  more  slevrly ,  ee»e  to  a  n|fl9im\m«  4?f  rees^  again* 
iiH  we  eoQie  tet  a  Hmit  of  dMHdatioA- 
'  I  hare  msm  uid  enough*  I  think,  fat  giving  a  pretty 
^sUnd  notioa  of  this  theory,  anA  )ts  eompet^^cy  to  ex* 
plain  many  of  the  mechanieal  ph^op^na  oif  aature.  The 
eerk>n8  stndent  .wiM  noC  tMteUt  hitnself  with  this  slight 
ekctdb^  b«t  wilt  go  to  the  work  its^.  There  be  will  $xid 
a  asosC  ingenioisa  appKeatlon  of  tbeie  priociples  to  the  e^- 
fkttatien  nf  Aieny  abstruse  Wi9i  curious  phenomena,  soiqe 
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of  which  seem  to  throw  ansunnoUntable  obstacles  in  our 
way.  Nothing  can  seem  more  difficult  to  explaio  than- 
the  free  passage  of  light. 

The  observations  which  hare  occupied  our  attention 
are  only  such  as  relate  to  the  siore  obvious  mechanical 
dianges  <^  condition  produced  hj  the  mutual  action  of 
bodies.  Mr  Bosoovich^s  notion  of  the  impenetrability  of 
the  masses  are  very  curious,  hut  are  omitted,  as  not  of 
much  service  in  our  particular  views. 
.  290.  I  may  end  this  exhibition  by  saying,  that  it  ia 
really  wonderful  how  fertile  this  theory  appears  when  we 
^ply  it  to  the  explanation  of  physical  phenomena.    Alt 

masses  will  have  gravity  proportional  to  — ,  and  propor- 

tional  to  the  quantity  of  matter  in  the  mass  toward  which 
it  is  directed.  So  that  on  the  surface  of  this  earth,  gold 
and  a  feather  will  fall  equally  fast ;  and  the  pressure  which 
we  call  this  weight  will  be  (sensibly)  as  their  quantity  of 
matter ;  and  (which  is  of  prime  importance)  all  the  me- 
chanical actions,  contemplated  merely  as  changes  of  mo- 
tion, will  be  mutual,  equal,  and  opposite.  But,  in  all  the 
properties  which  depend  on  the  small  insensible  distances, 
such  as  those  in  which  light  is  reflected,  refracted,  or  deflect- 
ed, the  distances  at  which  our  fibres  are  stimulated  mechani- 
cally, those  of  the  palate  for  taste,  those  of  the  nostrils 
for  smell,  those  of  the  ear  for  sound,  those  of  the  eye  for 
TisioUy^^the  distance  at  whidi  the  particles  of  the  air  are 
exerted  to  tremor,  and  rest  on  each  other  so  as  to  propa^ 
gate  this  tremor— the  distance  at  which  the  nerves  of  our 
skin  are  stimulated  by  roughness^— the  distance  at  which 
cohesions  are  effected  in  all  their  varieties-- the  distance  at 
which  secretions,  fermentations,  solutions,  precipitations-^ 
the  action  and  polarity  of  particles  whidi  operate  in  crya- 
tallisations,  and  all  the  wonders  of  chemistry  whidi  dia* 
tinguish  the  different  kinds  of  sub8tances,-^in  all  these 
distances  there  must  be  a  diversity,  fully  adequate  to  ac- 
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ifount  for  fldl  the  variety  obaeired  in  the  world.  There 
*does  not  appear  the  smallest  netessitj  for  supposing  that 
any  one  primarj  atom  of  matter  differs  in  any  respect 
whatever  from  every  other  atom.  One  and  the  same  curve 
Une  is  the  exponential  of  the  force  of  every  atom«  Not  only 
does  no  other  seem  necessary,  iiotwithstandiag  the  inunense* 
variety  that  we  observe,  but  it  would  seem  that  there  can*' 
aot  be  another.  It  would  not  be  dgre^^le  to  the  universal- 
feet  of  action  and  re6ction~4i  fact  to  which  We  knOw  of 
no  exception. 

'  29li  It  may  now  be  asked  why  so  much  tiiAe  hai  b^n- 
occupied  with  this  tlieory,  however  ingenious  ?  Has  it 
any  foundation  in  nature  ?  Will  it  assist  us  in  ouk*  futiire 
researches?  Can  it  be  that  tangible  body  b  not  that 
continuous  uninterrupted  substance  that  it  is  gerterally* 
supposed  to  be,  and  that  it  is  merely  an  assiembiage  of 
points,  distant  from  one  another j  and  as  unlike  a  solid 
body  as  ady 'thing  we  ctfn  conceive?  ' 

In  answering  such  questions,  we  mils!  alwHys  fecoltect 
that  our  ultimate  judgments  depeifd  more  immediately,  or 
at  least  more  certainly,  on  th^  nature  of  bum«i  ititell^cft, 
than  on  their  agreement  with  the  state  of  external  nature* 
Of  that  perhaps-  we  have  but  little.  Bol  we  can  tell 
what  notions  we  can  form  with  distinctness,  -  what  are  ob- 
scure, and  what  are  incongruous,  Impossible,  or  absurd. 
We  also  know  what  kind  of  evidence  produces  belief,  and 
what  does  peremptorily  exclude  it.  It  is  certain  that  we 
account  a  piece  of  polished  gold  or  of  gls^  to  be  a  pieoe 
of  continuous  uninterrupted  matter.  There  is  no  altemar 
tive  but  that  it  is  interrupted^  •  But  to  s^y  thdt  it  isso 
is  not  enough.  We  must  prove  in.  some  way  or  another 
that  it  IB  not  continuous.  We  see  no  interruption,  wf 
feel  ncftie,  and  therefore  may  require  them  .to  be  pointed 
out  to  us.  As  this  has  not  been  done  with  the  evidence,  of 
sense^  it  has  been  flatly  refused^  and  th^  gi'eatest  part  ^ 
{philosophers  hold  tangible  matter  to  be  somethit^f;  contl- 
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mmn%  cohtAitinf  tt  pirtr  itt^  ttbsdtuM  codlart,  sad  timt 
. 4b€  hodf  oets  oitM9thet bf  f^nlUif  into  contact  with^  it ' 
Tkcre  «e  etsety  hmrvntr^  in  wbicb  wer  Iwve  kaamd  Uf 
dkotnwl  our  iStA  jiii{|filieiK»  odimipniiig  the  iflfanntfkiov 
fpffUi  hf  <Rfr  temtf.  SianttiBi#9  tlie  OFnnrs  •(  dpiniiaii 
I^MQMii  ftMi  Ibe  itD^erMoCioii  of  eiir  «me9.  Tbw  * 
XbM  ^rib^  firiteil  i»  the  oiKiil  Hwfr,  ^ffmars  mHortxfif  rt«^ 
iMmdoit  b!f  tef #et«l  Hgkt^  Bat  tf  held  ktwMi  Hw  #p« 
ttd  tiM  ligiitr  w«|iei<^i«v  ibt  nttfUlRk  coming  ta  te  rerf 
partial,  and  that  light  comes  through  it  as  thirotigb  »  cobM 
wah^  but  iiai  n^  aie  B<y  p9i«»  till  i«^  t»be  •  aaagnK^g 

iii  4tli«r  cam  i»e  oblteff«  oui^avc*^  bf  ila  Ahaoloie  io-^ 
MmdljiMicjr  wllb  judgmml,  fortn«d  cM  fbe  nuM  nitMep^ 
tlMabte  aidinffir.  Tbi»  k  i#  deiftaltii  CiM€  ill  nMtiy  «&IM8^ 
Wh«f»  M  fifCeiNptf «»  «bii  ht  cimtvuAi  tberef  iun  iMf tv** 
4M$i$  ^aeuMe*  tbrmgb  #hi«fc  offber  matter  loay  {KIM* 
The  hardest  marble  is  (fetttlfKMd  b^  di!,  wfcteb  it  ittfbiMiy 
iftd  i«  Ate«ti9iM4  bjr  i«.  Ould  mA  s¥h^d^  in  Hfe^  Man- 
Mti  iiftbibd  OMVciay.  The  M«t  tfp06vdu9  ^wt  is  dbtalff « 
•ft'bf  tb«  ISIQ4I  P<^sMg)0  4fr  HgM  tbibiigb  M(ti^>ttr^t  bodies. 
8MMllili#g  pbMe^  tbfdagb  d  t))^^  ^  gfltttt  WhMb  illttt»i« 
*««e#^  frMtfh  Wlilmsy  ItblcH  os/g^tet^^  rtMld^  tetf  otbei^ 
iflAMfiiAMdif ; '  and  Wnldb^  id  <Hh€f  (£iflMtlxtt(tajl<iClS)  i^dttcM 

tetiott  df  tt«  Mfli«ri«Utf . 

SM^  F#dtt  th«ftc<,  and  ditftt  ^tnillif  ftet»,  ph{IO!(6iih«i'^ 
AMgbt  flueiiiMVdB  ynd^  «be  Wen^Ay  or  ndirikiitig  ih^^ 
UW^pOM  lb  llffc  coiitlMifJr  of  teffgibflf  ihtft^,  drfd 
Wie»^  lea  tb  fk  itMttistic  th«i6^,  wMcfr  !«efv^ttm  flfdi 
mmbAtt^  WiA  MMe  jh^ISioA,  and  yrhUA  Boseoridi 
ii[«8  fHiiiMS  t«^  6  sfMetfi.  Tte  triiilMdpb^  of  Mti- 
l|aMf  tflii^  bad^  ddftit  i»lp«rftdl  rioti^h  of  tbtrf  ktft^.  kit 
tli#f  w«flt  ifd  ffl»ifa«r  tbte  fb^*  fb^e  dMsfon,  in  hhHghiA^ 
«fc)di  of  «M  vMbto  ukM^si  itito  Irilrih^  f^s  of  the  smut 
iindf  ylthMI  tal^g  iny  pilitfs  tQ  MhtW  howtht  senstbM 
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quftBtftf  of  MUm  omI4  «»sMllit  ^m  4be  m^iv  fmiillrimtAm 

vottoftg  tp  «h^  HI  irbAt  tlih989  ^bweot^  ^iff^re^^  or  wM 
WM  <th«  piliuJipfe  of  idmr  Mnni(^ti#ip«  <ry)m  frfigv^Wts  f>f 
tfa  nHMtU  M»s4A».  Ve^tlM  «ttf  mpted  Um9  ;  birt  tiMigb 
Ui  iMliofli6  bavtr  aU  4iiaMigiMMt7  and  4w(#9MP  4>«it  if» 
AmU  «xpMt  Srma  Sir  Um^  Mf  w»tq»,  ibef  mee  i^r^ 

chief  disGrimii\j»tJ»g  n^U^V^  ilf  idWcMnt  ii«»liiM«im«  ^tW 
to  fistdblkb  a  ^eii^ral  ^MrtKiM^  fifn^mamg  ^  fmrfble 

of  thlB  doctrine. 

BMrofi^  on  tfiefotbgr  hm^^  eii4ftaTQimf^^NE|c9  to  ei- 
*toUMh  (htt  iloclwnf .  Tiifloifoixu  ibi^lbegiaji  nrj^h  jUieMd 
MKilioii  tbAf;  Ahif  ^Ufmoij^^mctA  ooiftitatfoii  of  4m- 
4;iMe  nottar  i^  BOt  wigr  ia*oQnoeivabfe  ^M  .pfMmbli^  thiDgt 
ibut  tikatiaointibr  canaliitvlian  js  MiPfNiftilik  witk  li^^/fS' 

{[untnt  iit^aiiifro»  what  ia  ealla4itfie  MWO0  aoMTipr- 
tsar.  ▲  jKOTJufippuii  aumoifu^  from  onfi^mAHf  'PMe 
to  jnolbar,  »ulboMt:|ivaiiQg  ifaroui^  all  itibe  intMnodia&e 
IMiDto  of  lito  pusb  iptancoeafioii.  Jai  ttl^  fiiamar,  a  tiqjjr 
Aormg arjuUi  ibe yalacJAySKfaat  paraeQM^<€aiiii0iti)Kwfe 
/diii  ma  of  moiiaat'to4.&aet4Hr  aaro^dt  u>.w  ipdi^wMe 
Mrtani  of  iiraa*  <i»  it  ia^naaeraUx  th^Hf^t  ito  dp  w  cplV- 
aioA,  for  liMt  Mataat  is  kha  apd  pf  jita  xp^ofi  5nith  ,(h^  v^« 
iaattif  ft,  aad  ihfi  hagiiwiig  of  iti  wotMii  wiiik  the  ^^eip- 
4Mljr  4.  Jt «  not  »a  ftoatiqa  «f  t«M  rioterpofad  ^Mr«f|ii 
ibaw,  bat  liia  jsatfualfboitad^igriaf  JIm)(^.  rtoEi^o^fi  )o 
uttf^lMita  tbia  jnitaotamai^i  icbang^  is  to  Bvppsm  itj^t  4n 
that  indivitiible  indtont,  the  body  has  both  the  velocity  |5 
and  tba  v^bMatgr  A  wbfab  U-  iaaoacevr^able  ^s^r^h^vLti. 
SB8.  Xhaise  :inii«t  AbwaiSwra  l^dDina  w^jr  b^r  tffbifllk^lki# 
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494  dbRPUscuLAa  action- 

impossibility  is  aToided.  This  wiB  be  accomplished  onlj 
by  means  of  a  mutual  force,  acting  on  both  bodies  before 
they  come  injto  contact,  in  the  inanner  in  which  we  really 
observe  all  changing  forces  to  act,  that  is,  diminishing 
the  velocity  of  the, one,,  and  increasing  that  of  the  other, 
by  insensible  degrees.  We  shall,  in  due  time,  have  the 
fullest  proof  that  this  is  the  case  infaoi^  in  all  the  changes 
of  motion  observed  in  this  created  world ;  and  we  may 
limit  our  inquiries  to  this  scenes  All  atoms  of  matter^ 
therefore,  must  be  endowed  with  an  insuperable  repulsive 
force,  extending  to  some  distance^  which  shall  make  the 
mathematical  contact  abscdutely  impossible.  > 

:  It  does  not  require  much  reflection  to  see  that,  without 
this  supposition,  the  law  of  continuity  must  be  violated  in 
every  collision  of  bodies. 

*  But  repulsive  forces  alone  cannot  produce  a  mass  of 
coherent  matter.  Mutual  attractions  are  equally  necea- 
sary ;  and,  as  the  law  of  continuity  obliged  Mr  Bosco- 
yich  to  consider  this  repulsive  foirce  as  acting  at  a  small 
and  insensible  distance,  it  wa^  very  natural  for  him  to 
consider  the  attractive  forces  as  similar  in  this  respect. 
Having  admitted  this,  it  did  not  require  a  great  deal  of 
consideration  or  ingenuity  to  contrive  a  constitution,  such 
as  has  been  described,  where  (he  atpms  should  be  situated 
at  such  distances  from  one  another,  that  when  pushed 
nearer  they  should  repel,  and  when  drawn  asunder  they 
should  attract,  and  when  at  their  natural  distance,  th^ 
should  neither  attract  nor  repel.  The  rest  of  his  study 
was  in  order  to  be  able  to  shew,  by  the  many  alterna- 
tions of  attraction  and  repulsion,  and  by  other  accommo- 
dations, how,  from  one  law  of  action  for  every  atom,  may 
be  derived,  by  composition,  all  the  varieties  of  form  and 
of  mutual  action  that  we  observe  in  the  world  aro^n;d 
us. 

294'.  All  this  was  pure  speculation  on  the  part  of  Mr 
Boscovieh;   for  be  does  not  seem  to  have  known  thp 
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waanj  facts  fay  which  this  carpuscubr  action  t  dkUMvk 
oonfirmed.  He  mentions  indeed  the  experiments  of  New- 
ton on  the  inflexion  of  light  as  it  passes  near  solid!  bodies, 
and  also  by  those  by  which  it  appears  that  light  is  reflect* 
ed  and  refracted  before  it  come^  into  mathentatifial  coiw 

'  UfL  But  he  takes  no  notice  of  the  still  move  preeioni 
experiments  of  Huyghens,  and  those  of  Newton  with  the 
object  glasses.  Nor  does  he  consider  the  phenommui  of 
c^illary  attraction  as  any  thing  different  from  mere  a^ 
hesion,  er  as  affording  proofs  of  action  e  dtslonh'.  But, 
in  the  progress  of  his  discussion^  numy  things  occuff, 
which  greatly  illustrate  and  confirm  his  first  notbns  of 
the  discrete  structure  of  tangible  matter. 

Thtt  theory  of  Mr  BoscoTich  unquestionably  receiyes 
great  support  from  th^  various  phenomena  of  corpuscular 

'  acti<m,  which  I  mentioned  belbre  giving  an  account  of  his 
doctrine.  His  great  argument  from  the  law  of  continuity 
will  come  to  be  considered  and  applied  afterwards,  and, 
I  iH^ume,  will  be  found  to  be  of  great  force.  It  wa^ 
mentioned  just  now,  merely  to  shew  how  the  ingenious 
author  was  led  to  form  his  theory,   • 

295.  I  shall  just  add  to  all  Mr  Boscovich^s  arguments 
for  the  discrete  structure  of  body,  that  I  cannot  form  ta 
myself  any  conception  of  continuous  matter  that  is  com^ 
patible  with  a  difference  of  density.  If  the  space  be  com* 
pletely  filled,  that  is,  if  there  be  no  part  of  il  in  which 
there  is  not  matter,  I  cannot  conceive  that  more  matter 
can  be  put  into  that  space,  nor  what  can  be  meant  by  a 
difference  in  density.  Yet  nothing  can  be  more  convin- 
cingly ascertained  than  the  different  density  of  the  most 
solid  and  continuous  bodi^.  When  we  talk  of  pores  in 
such  a  body  as  gold,  or  water,  or  aur,  ta  which  none  can  be 
diecovered  by  the  eenaesj  however  aeeietedt  I  cannot  see  what 
authority  we  have  for  supposing  that  the  ultimate  par- 

.  lieles  touch  one  another  in  any  points  whatever.  We  are 
induced  to  suppose  this,  solely  because  our  familiar  ac* 
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i^iiirffilaiK^  with  iMlttr,  tMa  oir  tfirHert  iftftMcyi  1i«b 
%IM  by  ftMiii  «r  o«r  ste»e  of  tMcb.  Tkis  h  fbe  ^Mrijr 
imjr  4ti  fvlUck  *We  <Midly  p«t  liiiltttr  in  mM^n^  Md  ft  Is 
<<d  tirfi  «kMe  iUM  «v«  «litf^  ippMl  te  My  td^  of  ^Mdit 
^tlNNit «te  ftNUeritflity  ofs thteg.  We  tavH  jM  tit^  «r  Me 
41  |M(«4uM  ^fleeU  irbibh  #oyid  Mete  <he  sIfMatiett  tff 
«Mdb  in  tMAwlv^s.  W«  baw  ^iitoirtd  thh  iwMt  to  4it- 
AuMee  4ittir  ^(ineiillilii^  setiMft,  «kii  4aTe  4iiddeft%  or 
^MrrtMdy  MlopUld  ft  M  »  iprideilrie,  thfet  iMmUct  it  ittbso- 
i«ttly  MMMmirf  <or  tke  «oiiiMiM|  «f  onwitor,  ead  Ar  ibe 
MftvaiimiMlSon  tff  ttiotioo  <qr  impulse.  Sat  mreiy  ^v4o 
t6Nr«r  liotds  tiMgible  tftUtter  to  bt  dteoloUf^y  Matrndw, 
canoot  admit  such  «  iMrtg  its  «k«  )KMige'4]f  ii{^  4iilKni|jh 
<l.  There  4ii  hidiHMl  lio  HbMitfdtty  id  Ae  eomoeptioii  of 
«o6tiiHi0U^  mMter.  Ob  the  ^dmtMTs  ft  te  1%^  tliMreit 
HUid  the  iMst  %il^h.  «dtit  etdirite  all  ^itlkmwe  ^f 
clemMy.  iPor  tkAhlng  ttn  es»ted  ffa^  diKtWity  <elf  Whtt 
«Miptete(y  iUs  the  0|^ee.  If  ^p^  me  «pMa  the  difft- 
<«eiice  ^f  detiarity  4i$r  p6t^Bj  4bM  ^Mliee  tfiese  f  ores  ^ttn  i4t^ 
j|<elber  «D)i«t-ce{ved,  «tid  hi«  ateitliM  niei^Iy  «» 'gist  rid 
of  a  difficulty,  there  is  no  r<ea«»iiaMe  ^Jedtioii  Mnaflis 
iigiilast  IheopitafiMi  of  BoscoviA,  Vhat  not 'OAty  there  are 
^eiaitiesoi*  pei^s>  Mit  ^het  Ihe  {HMfoles  «itt  «ot)iii  oei- 
4act  OFH  «fiy  sid(e.  I  weed  ^ift  ^^jpelit  tk^  ai^gOMnta  «s^ 
-ill  the  begiWitig  df  this  aMiele  agtthist  tjbe  ttwrtudl  ^eM- 
taot  'Of  4be  perCicMs  '^  )semtMttefl  ahp,  <er  coiti^fe«esttd  "«<%« 
teh*.  a  ho{)e  thet  ft  is  ^HbW  svAM^nlly  ^ain  <thfli  f  bfrfe4l 
«09itacl,  -mOi  aH  i^  ebim^ueHoas,  'and  <)ia|«ieiKlMy  the 
'fredwbtkrfi  of  tiMioa  %y  iAiptflse,  iMy  he  ()inNlai»d  4iy 
taeaMi  of  ^tlfactwe  and  ^ejMliiii^  jforces,  >ll^4llM>ctt  Mil 
tmatbeitiallcal  ccMadt;  tind  ^at  'Ne%lm%  ^ftE^ptBiHiaents 
mkh  the  •ghMsies  afid4he^oap%dbhieahew  '^lat  mt£h  fkf^ 
med  Hbmofft,  and  the  eofrtnaiAeiMt|oa  ^  %iotf da,  %»e  1M% 
-wepr^Blhkkdr 

306.  Isee^ie  r^ascfn,  ti^tpefore,  fbr  i*«toitig  the  Art- 
trine  taught  by  Mr  BosccrvMbi  as  Aar  as  reWtes  ^  its 
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MstmrKin  ntMY.  Of 

tpmt  foinU  «»  met  mmrtt  4fipMite  toihumiggBitigt  of 
^Mito  tfiM4b0  f^te^nMdff^rcOifUofii^f  ilw«iry^  mkkh 

MlMp«liUli(y  df  (Hie  i^omiiMi  apiMn^rilk  alih«r  .fkm^ 

AMI  i*fl!taoB  of  ihe  inttw  iod  ihe  atnohHe  Mit  pf  4Nir 
oitn  kabiWiM,  are  MmdiM4  m  Um  jttdgnmto  w 
rpM^fam  1})i«  lOEifMit  qntstioii  ii  fuimilf  jinrfter 
ia  ihji  rM|)Mt  Tbe  coDiiMiCj  Md  ttmlaet  of  ike 
of  imgMb  oOUr  ai«  te  te  woomrinl  five- 
(fld^  itamm  iktg^  am  ■■nififjfcfe  «ntt  vlivr  •>- 
jfaldlfl^  fimmcta,  nd  Jbtanug  tliiajr  «fe  ininiipaliUe 


i¥itli»»pnt  totlK  wmairtiflU  cf  cevWng  1i»  Moiit 
I  of  At  fieripatctks  hf  4fe  mnc  of  attrtfilioo  «od 
ibtiatemeiammrlfitimimBm  oi  ia  «h«  irneiof 
-ihe  ;gitt9itetioii  of  lllic  pkactf,  Wa  luiyeaem  mMmosm 
w  frfiidi  the  i^Hliifll  afdbcabs,  attd  4b^  aMtiud  vepgratton 
•f  Ibt  iii^piyiimtf  ftftides  af  itaiifibbiinaitersre  jdobb* 
49M$€  ftuA^«H4ae  genend  iaws  m  (uliM.  Moddngis 
meant  by  attraction  and  repulsion  but  itke  iramedMte  rf- 
ActBOt  «aaMs«f  dust  jflifHtwi  A  pUbaofdwr  jnaj 
^  thflt'lheideaecttnn  4]fia  pktwtis^cffMted  by  tbe  adion 
af  m  alhciPid  i«ila^  jiawaf  aad  iia  maat  say itbe  laae 
baw.  Pat  it  aiagr  Oaa  Ik  askafl  Um  haw  ftUs 
.pmidacatdbevMboliaaf  Ba  ^sil  {pmbabiy  aay  tbat 
it  is*i|i<(ba  -vame  anay  that  a  ateamof  water  or  wind,  ar 
'eM&ia  atsaaoi  of  saad^  would  daAaet  4be  motioatof  >apay 
4iady  «bat  ft  Mkm,  fi*  I  afipaabeiifl  <bat  Abia  aoswrp 
lof  'the  y bJHatophani,  wbiah  baa  long  teen  Ibaugfat'CtaB- 
ylala,  di  na^^'Modaaed  akogathar  iairaiid.  Far^wie  baae 
mtfikilkitLii€maM  be  shewn  tbai  imfe  bafdy«f«r  maUy 
Vltikaa  4inolh9r,  ^vm  urban  il^ts  k  inta  matioa.    liba 
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Aether  is  empfojrtfd,  bceenae  it  is  a  fact  that  a  hoij  of  seil- 
'sible  maghitude  impels  another  before  it  comes  into  ma- 
thematacai  contact  Therefore,  since  we  bore  no  evid^ee 
that  one  body  really  hits  another,  we  cannot  say  that  a 
particle  of  Ais  ether  hits  the  body.  Another  ether  is 
therefore  necessary  for  explaining  its  impulse,  if  an  ether 
be  necessary  for  explaining  the  impulse  of  the  sensiUe 
body;  and  we  must  have  a  third  ether  to  account  for 
'  the  action  of  the  second,  8rc.  &c.  &c.  There  is  no  end  to 
this  kind  of  mechanism.  In  short,  active  powers,  different 
from  the  stroke  of  a  moving  body,  must  be  admitted, 
whatever  origin  we  assign  to  them,  and  we  mtut  add  them 
to  our  notions  of  mechanism,  and  no  longer  limit  the  term 
meekameal  tapkmation  to^an  explanation  by  impulsion  and 
contact  The  manner  in  which  both  gravitation  and  im- 
pulsion are  ^ected,  will  probably  always  remain  unknown, 
'but  the  ispprbacfa  and  the  sqparation  are  not  occult  quaK- 
ties,  but  manifest  phenomena;  and  both  are  accompa- 
nied  by  that  prusure  which  we  and  all  mankind  Jiave  been 
accustomed  to  call  a  force,  which  is  therefore  another  ma- 
'  jiifest  phenomenon,  and  not  an  occult  quality.  If  better 
names  can  be  found  for  them  let  them  be  employed,  but 
Attxactioii  and  repukion  seem  to  distinguish  the  pheno* 
mepa  very  clearly. 

There  seems  no  reasonable  objection  gainst  eztrading 
the  action  of  these  forces  to  the  particles,  and  even  to  the 
atoms,  although  it  must  be  acknowledged  that  we  do  not 
so  clearly  see  their  operation  on  those  particular  subjects. 
But  surely,  when  a  mass  of  tangible  matter  is  compressed 
or  dilated,  the  actual  exertion  of  forces,  opposing  the 
approach  or  separation  of  the  particles,  is  as  distinctly 
'  perceivable  as  in  the.  similar  experiments  of  Newton  and 
Huyghens,  although  in  this,  last  case  the  actual  af^iscMuJi 
and  recess  of  the  subjects  are  seen,  and  can  be  me^pfed, 
while  in  the  first  these  motions  are.  altogetfaer  impercep* 
tible  in  the  subjects  which  are  thus  moved.    The  cawi 
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fre  10  analogovft  tbat  it  is  fi^stidioiis  to  refuse  admitting 
the  aaDie  mode  of  explanation.     . 

•  297,  Perhaps  more  sdid  olgections  may  be  made  to 
one  circiimstance  of  Mr  Bosoovich^s  theovy.  He  hold^ 
his  atoms  tp  be  unextended  mathematical  points.  I  can^ 
not  form  any  notion  of  one  of  these  9b  an  individual  subr 
ject,  difTerept  from  the  notion  I  have  of  a  mere  point  of 
^pace.  The  individuality  of  a  point  of  space  consists  iii 
^  being  that  particular  point  of  space^  so  and  so  situated 
^ithre$pect  to  certain  other  points  of. space*.  This  in? 
dividual  point  of  space  is  therefore  immovable.  Surely^ 
therefore,  the  active  powers  ascribed  to  matter  are  con* 
ceived  as  the  endowments,  or  the  attendants  of  something 
ihat  is  difTerent  from  a  mere  point  of  space. 

i  I  am  by  no  means  certain  that  this  inextension  of  aii 
;atom  is  indisputably  requisite  in  a  thaory  which  maintaim 
the  discrete.constitution  of  matter.    Fai:  less  am  I  certaia 

that  it  is  necessary  for  thje  truth  of.  this  constitution,/  and 
-for  its  ut^ity  in  philosophical  discussion,  that  I  should 

perfectly  understand  the  nature  of  this  subject  or  substra^ 
•turn  of  the  active  powers  of  matter.  .  But. neither  can  I, 
•on  the  other  hand,  conceive  those  powers  to  have  no  sut^ 

stance  to  which  they  belong,  or  to  which  they  are  related, 
-either  intrinsically  or  extrinsicaUy.    I  cannot  conceive 

one  set  of  attractive  and  repelling  powers  putting  another 

set  in  motion  by  impulse.    These  are  words  without  ideas. 

It  is  not  likely  that  human  intellect  will  either  aoquim 

more  adequate  knowledge  of  the  subject,  or  that  it  will 
.  ever  be  able  to  divest  itself  of  the  thought  that  there  isB 

substance  ia  which  those  powero.are  inherent. 

.   296.  Notwithstanding  this  limitation  and  imperfection 

•  of  our  knowledge  of  this  subject,  we  shall  find  several  con- 
sequences of  this  manner-  of  considering  the  mechanical 

.  relation  of  the  parts,  of  tangible  matter,  which  we  may 
employ  with  confidence,  to  help  us  in  our  inquiries ;  and  I 
trust  that  I  may  be  able  by  this  help  to  illustrate  many 
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ttmgB  wkicli  W61IM  ^erwise  bav«  been  werj  ^bieure. 
But,  at  the  same  time,  I  am  «wara  ikat  the  most  sem^ 
lous  MUtioii  mwt  lie  ^ontintiaNy  observed  {«  nakiog  use 
of  4hi&  help.  We  Biust  at  all  4icneg  «md  fomiDg  ^ingr  -ge^ 
neral  conduskms  wUlmit  firmljr  eBtaUMiing,  I^  maitke- 
maticBi  reasoning,  4)he  indivtJml  fact  vrbieh  we  make  the 
basis  of  OUT  inferenee ;  aad  we  must  never  tniat  our  kuu 
gintftion  in  its  Hews  of  44ie  'combined  «iotioM  or  actions  ^ 
many  patti6les  or  <iton»s,  exeept  in  oases  w4)era  we  can 
demonstrate  4h^  legitimaqr  of  sudii  pFoeedvre.  I  sbouM 
even  add  liiat  tbe  diffieultios  ^in  this  «|udy  of  oorpusciiiar 
«ttro0tiou  and  nepiilsion  hmo  been  grentiy  augmented  4>y 
pBoae  4at)e  disooFovies. 

The  action  whi^  iwe'OPe  now  considering  4s  ttmited  •t^ 
tke.anHdl  and  insensible  distances  in  ^bich  tKe  particles 
ixfiangiUe  aMtter^aneailuatedln  vaspeot  of  one4Mio4iMr; 
And  itiiedoetrine  wiiich  I  am  aiow  prosecuting  cooaidessliie 
coapiwoidar  ibitet  as  depondiag,  both  im  to  kind  and  ife- 
{jnae^^dlely  on  4he  distance  ^aad  posiiio*  of  tba  acting  pan- 
4icles.  Noiir,  in  that  tnunserans  and  important  daas  ^qf 
jphenamana  »wbiob  ace  known  bf  the  name  of  gahranie, 
<diere  aocor  «corpas«nh^  notions  wkUk  seem  attogetber  dn- 
4flqdieaUe >on»tbose  prindipka.  MTceee  a  wire,  /the  aemote 
«iid  icf 'wbich  cnmmuffiGates  wilk  the  ppsitinre  .pide  of  Vol* 
inlsTsk,  BtUmt^lQ  Itself  the  portides  of  metal  whaeh  aae 
Aaatiog  jronnd  it  in  tiie  snbitmn.  Vmm  let  the  remote  and 
•iof  Ahia  wire^GBjimunioate  aril^lhe  otiier  pole,  «of  (the  pile. 
In  aBinatantt^e#otaonof  iiiesvjreistotallj.dkaaged;  it 
no  hmger  aMrafts  (the  snetal,  and  eoaen  aeams  ^  jcepel  k. 
Yet  there  is  «o  idnfige  in.  the  distance  and  fiosition  iidf  the 
acting  qpaciidleB.  I  iknow  that  m^goetism  prasents  phcno- 
aaena  (Which  aae  jeMlremelgraimilar,  .and -Which  are  ean  coe- 
fphdniin  fMcfect  aonsistencj  with  the  kws.of  arttnintian 
^and  n(>dlaion ;  but  tiie  adnajsainn  j>f a  laimilar  esplanatkm 
indhe  <praaHt  oaae,  giaes  a  aompieiJtj  to  ifae  fueation 
wioch  afaoMMt  3dasts  aJlMir  hopes. ' 
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899;  NeivriifatlaBdiftg  (hid  diwontagnicnt;  ilm  de* 
liMtaifnt  of  sdence  is  Ataavkkg  of  the  most  canfol  eahu 
▼atioii.  All  the  changes  of  material  nature,  when  ana- 
Ijsed  to  the  utmost,  are  examples  of  matter  influenced  hy 
iwrittf  farces.  Tina  is  tbe  case  evtfi  wheo  tlM  MmsblA^ 
discharges  some  gay  vegetable  colour ;  some  matter  is 
ndOTed  from  its  former  place,  and  takes  a  new  arrange* 
Bent.  The  pfayuioaieBOD  wtiuld  W  cwnujfUitiy  eKplawed^ 
could  we,  from  our  knowledgiB  of  the  law  of  action  of  the 
Cseoto,  fell  the  fmik  of  the  remored  Mom^  and  tto  fh^lkni 
in  that  path,  as  we  can  do  in  the  case  of  the  moon. 

We  ate  n6t  without  encouragement,  even  in  (his  per- 
pLsxed  reseavdi.  We  are  ohianriiig  now  attd  tliM 
prettj  distinct  traces  of  general  laws.  We  have  found 
thtft  (he  mutuiil  action  of  the  particles  of  such  gasses  as 
^e  hare  b^efi  aftl^  to  confine  and  measure,  is  nearly  pro- 
portional to  the  density  of  the  gas  in  its  different  states  of 
compression;  and  therefore  it  dimiitishes  nearly  in  the 
pt^patlim  thdt  the  distance  of  the  particles  tttcreases. 
We  hvfe  akiy  ftmtii  thtft  ther^  is  a  gr«at  difference  in  the 
ttt#s  of  aef ior^  in  differettt  gooses  in  the  moment  of  theit 
ptdAiktti6ft  tr6tn  a  solid  or  Rqtiid  body.  Thus  the  gas 
ptodfic^  bjr  the  hfflammatiott  of  gunpowder  exfaibits  ail 
etaftticify  nutitty  pfoportioihif  to  its  density,  througfi  the 
^hole  range  of  its  expansion.  But  the  gns  produced  from 
fillmfaiatittg  goM,  ^Iver,  or  mercury,  shews  an  action  of 
tile  paitid^  which  dttnifiishes  much  more  by  an  Increase 
df  AsCancd.  Scarcely  any  barrel  is  aWe  to  withstand  their 
ttplosion,  yet  they  have  not  hdlf  of  the  force  for  impel- 
ling a  ball  by  their  eontifhad  expatision  along  the  bar- 

900.  I  obsertied,  oft  another  occasion,  that  a  certain 
tIKrt  of  philosophers  insist  that  all  forces  difTused  from  k 
ceittre  deefeitse  in  the  inverse  duplicate  ratio  of  the  dis- 
Uncen ;  and  thttt  if  any  other  law  is  observed,  it  arises 
fh}iff  tbe  matttxer  it!  which  different  fitom^,  acting  by  this  •        ^ 
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primordial  law,  are  combined.  But  this  will  not  a^ree  with 
manj  phenomena  of  tangible  matter.  If  the  primordial- 
force  be  proportional  to  — ^,  the  action  of  all  compound 
particles  must  decrease  more  sldwl  j,  and  be  proportional 

to .    Now  We  are^certain  that  there  are  many 

x^  —  m 

forces  which  decrease  faster  tfato  in  theratio  of  ^,  and 
must  be  proportional  to  -— - — .  Th6  phenomena  of  co-t 
hesion  in  hard  and  brittle  bodies  mucld  more  resemble  the 

effects  of  a  force  proportional  to  — ,  for  at  the  smallest  sen^ 

xS 

Bible  distance  the  cohesion,  vanishes  entirely.     The  ac*^ 

tion  of  aurum  or  argentum  fulminans  undoubtedly  de-i 

creases  faster  than  — -. 

The  observations  contained  in  the  first  part  of  this  ar^ 
tiele  give  sufficient  authority  for  concluding,  that  the 
parts  of  what  we  have  called  ^  tangible  matter  are  related 
to  each  other  in  a  way  which  greatly  resembles  the  me* 
chanism  described  by  Mr  Boscovich  ^  so  that  this  descrip* 
tiqn  may  be  of  considerable  service  in  our  subsequent  ex- 
ammations  of  those  changes-  of  motion  that  are  produced 
by  the  actions  of  sensible  masses  on  one  another.  It  di-^ 
rects  us  to  a  way  of  conceiving  the  connection  of  the  dis« 
tant  parts  of  a  body,  without  which  we  shall  in  vain  look 
for  a  satisfactory  explanation  of  some  fundamental  truths* 
Of  this  we.  shall  soon  have  full  evidence* 

301.  I  cannot  help  taking  notice  of  a  performance 
which  has  been  repeatedly  announced  in  our  periodical 
publications,  as  ready  for  the  press,  by  the  title  of  Rechevr 
ches  Mathematics  9ur  la  constitution  intime  des  Corp$.  Par 
A,  G.  But'.  An  index  or  precis  of  the  work  has  also  been 
some  time  in.  circulation.     The  author  professes  to  exr 
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pIttB  the  intimate  strocftire  and  edn^ilution  of  tangible 
niatteF.  He  buSda  his  whole  syitem  on  the  following 
proposition,  which  ascertains  the  primordial  property  of 
matter, ,  hy  which  done  all  the  phenomena  of  the  visible 
muterse  are  effbeted  and  explained. 

FVNiMkMtNTAl.  TBBORSM^ 

Jny  two  elements  of  matter  willj  in  virtue  of  their  mere  exists 
ence^  mutually  approach  each  other  in  every  imtantf  hy  a 
space  which  tr  inversely  proportional  to  the  stpuare  ff  their 
distance. 

The  author  does  npt  indeed  say  that  they  'must  so  ap- 
proach. His  only  meaning  seems  to  be,  that  if  there  be 
any  relation  of  approach  or  recess  mutual  between  them,, 
this  rnstst  be  its  character.  The  momentary  change  of 
plaee  must  be  inversely  proportional  to  the  square  of  theic 
mutual  distance.  Having  demonstrated  this  fundamental 
theorem,  the  very  ingenious  author  proceeds  to  explain, 
that  is,  to  account  for  all  the  phenomena  of  the  material 
world,  the  phenomena  of  cohesion,  in  all  its  varieties  of 
hardness,  softness,  ductility,  elasticity,  fluidity ;  and  the 
phenomena  of  magnetism,  electricity,  chemical  affinity, 
optics,  &c  &C. 

Mr  Bue'  is  an  expert  and  elegant  algebraist,  and  has 
given  a  vast  apparatus  of  the  most  refined  equations,  ex^ 
pressing  the  mechanical  possibilities  of  nature.    In  parti- 
cuUr,  he  gives  une  equation  Jhudcj  which  expresses  the ' 
Umivsrsb  ''  toutslts fails possiUesT* 

He  then  applies  these  equations  to  particular  cases,  and 
says  that  this  and  that  phenomenon  are  explained,  that  is, 
are  shewn  to  be  necessary  results  from  this  primitive  es- 
sential property  of  matter.  Then  comes  his  chief  ques- 
tion,--*''  If  among  all  the  possibilities  expressed  by  his  final 
**  sqtsaiion^  aaertain  numffcr  tally  exactly  with  the  «ame  nunc- 
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Td  M^tP  tAi»  qucdtiMh  the  ovthar  oowr  pInigM  i»ter 
lllMr^epAfl'of  GMi6f«il««  CAul  ie$iptfabai$lit»i  mi^  dbr 
severd  pages  of  the  mos^  obilraetoil  Md  general  cqinilioiis 
that  can  be  imagbed,  and  in  which  all  physical  ideas  have 
quitted  the  mind^  he  mokea  it,  a*  d«AP  as  sunshine  that 
the  probability  is  =  O  ! ! !  Q.B.d.  The  phenomena  are 
BOW  hM  aa  at^aiaed. 

The  isaTlftaUe  ao^chiilaii  wkich  m^i,  I  tbink^  SoIOqw 
from  tbeae  iAgaAioi»  lab<Ws  ih  that  tlw  iifii«rane  caroot 
beany  thing  but  what  we  see- it  to  be.  We  have  the 
good  fortune  to  exist  during  one  of  those  possible  forms 
itifto  Which  matter,  aftet  acting  and  naetteg^  diitii^  ages 
of  ages,  has  Worked  Msetf  livta  a  shafi^  irtrkb  aiay  andorv 
KWf  evef  . 

I  hate  stadied,  whh  tht  utmeist  e»&  and  attantiaas  ^^^ 
atithof^s  demonstratioti  of  tbis  bia  fimdamafltal  ptoporii^ 
tion.  I  camiot  say  that  it  h  net  daaoonstratad^  baoautt 
I  confess  that  I  cannot^  form  My  dtstiaat  notion,  eilbar 
of  his  reasoniiig,  or  of  the  principles  from  which  he  sea*- 
sods.  I  am  wiRtng  to  thtfik  that  I  Husundkratatid  him ; 
but  I  bare  given  tbe  proposition  in  bis  #w»  words.  I 
shall  grant  that  it  flowa  legMmataljr  from  Ms  printer 
pies. 

302.  But  It  is  surely  very  singular  that  this  primordial 
law  of  nature,  essential  to  ntatter,  and  tbt  foMdation  oC 
HI  its  properties,  should  not  be  .el^ert^ediH  aae  tdtgkjJkmoh 
menoit  afrnture.  The  anthof  assnlnes  and  emploj^s  H  Un^ 
der  the  name  of  the  law  of  gravitation,  tbc  diaanmy  of 
Sir  Isaac  Newton.  But  I  ap|^«hend  that  k#  k  off  his 
guard  in  this  instance.  AHbongh  an  expert  and  elegant 
analogist,  he  does,  not  seem  to  be  aware  that  tbe  pmpasa- 
tion  which  he  has  demonstrated  dhibrs  fol^  m4»  frasnibe 
law  of  gravitation.  This  is  remarkat>)0 )  for  I  think  that 
tiie  mathematic!^  reader  leiit  peroaive  4hat  tbe  pro^MHion 
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lirliicfa  If r  due'  eotiaiders  at  demoasirAied  k^  thtt  the  re^ 
locUy  of  the  gravitatiog^atom  is  iaveraelj  as  the  sqaareof 
its  distance  from  the  atom  toward  which  it  graTitates  aad 
approaobes.  For  the  Utile  spaotj  ikrmigk  wkiek  it  approachcB 
in  evay  inskad^  is  adopted  by  tvery  m^adician  as  the 
measure  of  the  velocity.  But  in  gravitation,  it  is  not  the 
ydocitj,  but  the  acceleration,  that  is  inversely  as  the 
sqaare  «f  the  distance,  t  do  not  know  ane  spontaneous 
phoiomeBdh  of  natere,  ia  wluch  Mr  B«e'*0  proposkioa  ia 
observed% 

Tims  wiU  it  always  fare  miA  us  when  we  aiteoBpt  to 
reason  about  the  foundation  of  the  powers  of  nature.  Mt 
Bue'  haa  heard  of  this  my  objection  ;  bat  it  is  in  vain  to 
make  a  tefnUe  de  fouvrage^  as  I  hear  he  is  attettipting. 
He  must  not  shift  his  ground.  If  he  has  demonstrated 
this  proposition,  he  can  demonstrate  no  other  from  the 
saflMT  fvineiples;  and  he  must  search  for  some  other  proof 
of  the  law  of  gravitation,  tdiich  ke  has  s^im,  by  tkts  propo^ 
Mttimt,  to  be  incmapatAle  with  ike  primordial  pr^eriy  afmatm 
ter. 

I  may  here  observe  that  Mr  Boe'^s  ingenious  explana* 
lion  of  many  phenomena  is  not  in  the  least  hurt  by  this 
blaaderiag  proposition.  He  might  have  simply  stated 'as 
a  umversai  fact,  that  aU  matter  gravitates,  ia  the  manner  ^ 
described  by  Newton,  and  he  might  then  have  applied  this 
to  the  expkuiation  of  other  phenomena,  precisely  as  he 
has  done ;  and  the  explanations  would  still  have  all  thai 
merit  of  great  ingenuity,  although  I  must  consider  them 
as  altogether  romantic  and  fancifuL 

303.  In  the  farther  consideration  of  the  mechanical 
phenomena  of  nature,  as  they  are  modified  by  the  addt- 
tion  of  the  force  of  cohesion,  it  is  necessary  to  divide  the 
auljects  of  !Qttr  examination  into  two  classes,  depending 
CO  the  manner  in  which  the  particles  are  combined,  so  as 
to  form  masses  of  tangible  matter.  Those  are  either  solid 
or  fluid*    Solid  bodies  are  such  as  retain  a  certain  shape 

VOL.   I.  V 
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and  resist  (to  speak  metaphorically)  in  a  certain  degi*c^ 
the  forces  which  are  emplojed  to  change  this  shape. 
Fluids  exhibit  no  such  firmness,  and  must  be  kept  in  ves- 
sels, otherwise  their  gravity  would  cause  them  to  spread 
abroad  on  the  ground.    We  shall  first  consider 

The  Mechanism  of  Solid  Bodies. 

The  experiments  with  the  object  glasses^  to  which  re^ 
ference  has  been  so  often  made,  shew  us  that  any  piece  of 
solid  matter  acts  on  another,  at  a  very  minute  distance, 
with  a  repulsive  force  so  great  that  we  have  no  evidence 
that  it  can  be  overcome  by  any  force  that  we  can  emplay* 
This  force  was  perceived  in  those  experiments  at  a  di»- 
tance  not  less  than  the  5000th  part  of  an  inch,  and  it  pro* 
bably  extended  considerably  farther,  but  with  a  diminished 
intensity. 

We  are  fully  warranted  to  say  that  the  repulsion  mani- 
fest in  those  experiments  is  the  immediate  cause  of  the 
physical  contact  of  bodies,  and  is  the  force  which  we  call 
pressure.  By  this  repulsion,  bodies  act  on  our  external 
fibres  and  nerves,  and  occasion  in  us  the  sensation  of 
touch,  or  what  we  call  feeling.  This  is  perhaps  our 
clearest  notion  of  force  of  any  kind.  Gravity  is  per- 
ceived as  an  agent  by  the  pressure  of  a  heavy  body  on 
our  hand ;  yet  this  pressure  is  not  the  agency  of  gravity, 
but  of  the  corpuscular  repulsion  we  are  now  considering. 
Gravity,  by  forcing  the  heavy  body  near  enough  to  our 
hand,  gives  occasion  to  this  repulsion,  which  most  persons 
imagine  to  be  the  heaviness  or  weight  of  the  body. 
'  Being  the  cause  of  our  sensation  of  touch,  this  repul- 
sion gives  us  our  first  and  most  familiar  notion-  of  solidity, 
.firmness,  of  corporeality.  It  is  even  the  immediate 
cause  of  the  philosophical  notion  of  solidity,  materiality, 
impenetrability,  that  is,  the  maintenance  of  the  place  oc- 
cupied, exclusive  of  all  other  matter.  One  piece  of  mat- 
ter (rannot  occupy  a  space  already  occupied  by  other  mat- 
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ter,'  Except  by  thrusting  that  other  matter  out  6f  the  space 
filled  by  it. 

So  many  functionB  entitle  this  peculiar  modification  of 
corpuscular  force  to  a  very  careful  attention  and  study. 

S04.  It  appeared  that  the  distance  which  produces  phy- 
sical contact  is  vastly  greater  than  that  in  which  ad^ 
hesion  and  capillary  attraction  are  exerted^  and  is  there- 
fore vastly  greater  than  the  distance  at  which  the  parti'- 
cles  of  the  solid  bodies  cohere.  Consequently,  when  one 
of  those  bodies  is  so  toear  to  another  as  to  act  on  it,  the 
actions  of  many  particles  of  the  one  on  many  particles  of 
the  other  are  combined4  Hcnce  we  derive  a  fundameutal' 
proposition. 

905.  The  mutual  action  of  two'  solid  bodies  in  physical 
contact  is  always  in  the  direction  perpendicular  to  the 
common  plane  of  contact 

Let  AB  Plate  III.  fig.  8.  b^  the  surface  of  a  solid  body,  and 
let  us  suppose  that  the  corpuscular  force  acts  on  a  p^ticle 
at  all  distances  that  do  not  exceed  a  certain  line  X^  Let 
P  be  an  external  partide,  whose  distance  fropi  the  surface 
AB  is  less  than  X.  Let  OCDE  be  a  sphere  whose  centre 
is  in  the  particle  P,  and  whose  radius  is  equal  to  X.  It 
is  plain  that  a  part  CDE  of  this  sphere  is  occupied  by  the 
matter  of  the  body.  Every  particle,  therefore,  contained 
in  the  spherical  segment  CDE  a^rts  on  the  particle  P,  and 
it  is  not  acted  on  by  any  partide  that  is  beyond  the  sur^ 
face  of  this  aphere.  Now^  suppose  that  the  partide  F  re^ 
pels  P,  in  the  direction,  and  with  the  force  PH.  .  There 
19  another  partide  6,  similarly  situated  on  the  other  side 
of  the  perpendicular  PD.  It  must  repel  P  in  the  direc- 
tion PI,  and  the  raeasHrte  PI  of  this  force  must  be  equal 
toPH,  because  the  distance  PG  is  equal  to  PF.  The 
forces  Pli  and  PI  compose  a  force  PK,  the  direction  of 
which  must  evidently  be  perpendicular  tOf  the  surface 
AB. 

What  has  now  been  demonstrated  conoerning  the  action 
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on  one  particle  P^  is  true  of  the  action  on  e^ery  particle 
acted  upon ;  and  it  is  easily  demonstrated  to  be  true  with 
respect  to  the  action  compounded  of  all  those  actions,  and 
therefore  the  proposition  is  manifest.  ' 

The  attentive  reader  will  remark  that  this  demonstra- 
tion proceeds  on  the  perfect  equality  of  action  of  the  par« 
tides  F  and  <v.  This  supposes  that  no  particle  snch  as  F 
will  be  found  within  this  spherical  segment  CDE  which, 
'has  not  a  companion  G,  similarly  situated  on  the  oUier 
side  of  the  perpendicular  FD ;  or,  in  other  words,  it  sup^ 
poses  that  all  within  this  spherical  segment  is  homogene*^ 
ous.  This,  it  must  be  owned,  cannot  be  affirmed  univer- 
sally. But  the  sphere  of  this  particular  corpuscular  force, 
which  is  the  cause  of  physical  and  sensible  contact,  and 
impulsion,  is  so  great  in  comparison  with  the  natural  dis- 
tance of  the  particles,  that  we  may  reckon  upon  the  ho- 
mogeneity of  the  segment  without  the  risk  of  any  sensible 
error.  There  will  be  some  irregularity,  but  in  the  vmail 
space  of  the  4000th  or  5000th  of  an  inch,  it  cannot  be 
considerable;  and  the  average  motion  will  be,  to  all  sense, 
perpendicular  to  the  surface,  just  as  gravity  is  to  all  sense 
perpendicular  to  the  surface  of  the  oeean,  notwithstanding 
the  mountains  and  other  inequalities  which  occasion  devi- 
ations and  inequalities  in  natural  gravitati<ni.  We  cam- 
not  discover  the  irregularities  in  the  case  now  before  us 
as  we  can  those  of  gravity.  Yet  we  shall,  after  this,  meet 
with  some  instances  of  them  which -cannot  be  disputed. 

306.  The  question  now  is,  whether  this  theoretical  de- 
duction from  our  notions  of  corpuscular  action  is  agree* 
able  to  what  we  really  observe.  In  -answer  to  this,  it  must 
be  observed  that  we  cannot  make  the  examination  with 
such  precision  as  we  have  been  accustomed  to  in  otJIr 
astronomical  discussions.  When  wo  recollect  that  the 
sphere  of  action  cannot  greaUy  exoieed  the  4000th  part  of 
an  inch,  it  is  evident  that  we  may  be  mistaken  in  our  no- 
tion of  the  exact  position  of  the  common  plane  of  contact. 
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A  scratch,  or  inequality,  that  vre  canaot  perceive  bj  th« 
ejey  may  change  the  position  in  the  point  of  contact  uiv- 
noticed  by  us.  But  still,  the  experience  which  we  have 
of  this  matter  is  abundantly  agreeable  to  our  proposition^ 
and  indeed  may  be  pronounced  accurately  so.  I  know 
nothing  that  shews  this  more  clearly  than  the  motion  of 
the  balls  on  the  billiard  table.  Thus,  suppose  a  bjsll  A 
fig.  9.  impelled  in  the  direction  A  a,  and  that  another 
ball  B  lies  partly  in  its  way,  so  that  it  cannot  pass  with- 
out striking  it.  Suppose  that  in  the  instant  of  contact 
the  plane  C  c  is  the  common  tangeat  to  both  balls.  The 
ball  B  will  not  move  in  a  direction  parallel  to  A  e,  but  in 
the  direction  B  ft,  perpendicular  to  C  c.  A  person  who 
has  never  seen  the  action  of  elastic  balls  in  collision  will 
be  much  surprised  at  seeing  the  ball  t^e  a  direction  so 
tfnes^pected. 

In  like  manner,  if  a  series  of  balls,  such  as  are  repre- 
sented in  fig.  10.  be  struck  by  a  ball  moving  in  the  direc- 
tion A  a,  the  last  ball  C  of  the  series  will  be  drawn  off 
in  a  direction  C  e,  perpendicular  to  the  plaice  D  d^  which 
is  the  common  tangent  to  C  and  the  next  balL  There  is 
generally,  however,  a  small  deviation  from  the  perpen- 
dicular toward  the  direction  of  the  striking  ball.  Thus 
in  fig.  9.  the  ball  B  does  not  move  exactly  in  the  per- 
pendicular B  &,  but  in  a  direction  B  /»,  a  little  nearer  to 
the  direction  A  a.  But  this  is  owing  partly  to  imperfect 
elasticity,  and  partly  to  some  friction  by  which  the  ball 
A  drogs  a  little  into  its  given  path  the  ball  which  it 
strikes.  But  in  very  elastic  ivory  balls  this  deviation  is 
scarcely  sensible. 

307.  There  is  another  instance,  in  which  the  greatest 
precision  ia  the  direction  and  intensity  of  the  force  is  ne- 
cessary for  insuring  the  intended  effect,  and  where  the 
complete  success  shews  the  truth  of  the  principle  on 
which  the  artist  proceeds.  This  is  in  the  construction  of 
the  palleU  ci^f  a  clock  <v  watch.    Fig.  11.  represents  the 
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swing  wheel  of  a  clock,  urged  round  in  the  directioifi 
DEF  by  the  rest  of  the  wheel-worir.  It  i«  prevented 
from  running  round  by  the  point  of  the  tooth  A  stopping 
on  the  pa]l/et.  This  point  of  the  tooth  is  urged  forward 
in  the  direction  of  the  tangent  A«.  A  force  in  this  di- 
rection would  have  little  tendency  to  make  the  pallet  turn 
round  its  centre  G.  But  its  action  on  the  face  of  the 
^liet  being  in  the  direction  A  a  perpendicular  to  that 
surface,  pushes  it  outward,  causing  it  to  turn  round  G. 
In  like  manner,  the  tooth  B,  moving  in  the  direction  B  ^ 
^ouid  have  no  tendency  to  make  the  pallet  turn  round 
^.  Bift  the  action  being  in  the  direction  B  ft,  has  a  pro* 
per  efficacy  for  this  purpose. 

Many  other  examples  may  be  had  in  the  construction 
of  machines.  It  may  be  remarked  here,  that  there  is 
nothing  in  which  the  genius  and  sagacity  of  an  engineer 
is  mcA-e  certainly  seen  than  in  his  attention  to  this  maxim, 
^nd  there  is  no  article  of  practical  mechanics  that  is  more 
imperfectly  understood  by  professional  men.  It  is  most 
^evident  that  a  right  employment  of  this  proposition  is  of 
the  greatest  importance  in  all  machinery;  for  it  is  by 
vuch  mutual  contacts  and  pressures  that  all  their  motions 
find  performances  are  effected.  The  proposition  is  by 
no  means  obvious,  and  the  practice  which  it  prescribes  is 
frequently  the  most  unlike  to  what  our  common  notions 
would  suggest  to  us,  as  in  the  two  examples  that  have 
been  given. 

308.  This  proposition,  when  duly  employed,  makes  a 
great  change  in  the  manner  in  which  mechanical  problems 
have  been  treated.  Thus,  in  explaining  the  motion  of  a 
body  which  is  impelled  in  the  direction  AB  (fig.  12.)  by 
a  force  AB,  but  which  cannot  move  except  along  the 
solid  path  AC,  the  usual  way  is  this.  The  force  AB  may 
be  resolved  into  a  force  AC,  in  the  direction  which  the 
body  can  really  take,  and  a  force  AD  perpendicular  to 
that  direction.    This  last  force  neither  promotes  nor  op- 
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^868  the  motion  in  the  direction  AC,  and  therefore  the 
bod  J  moves  as  if  impelled  bj  AC  alone.  All  this  is  very 
jttst  fit  Attructo^  and  the  motion  is  truly  ascertained. 
But  it  is  not  a  narration  of  the  procedure  of  nature. 
There  is  no  such  resolution  of  forces,  but,  on  the  con« 
trarj,  a  composition.  We  are  not  now  engai^ed  in  an 
abstract  proposition  of  dynamics,  but  in  some  natural 
question.  Why  cannot  the  body  move  in  the  direction 
AB?'  Because  it  is  hindered  by  a  solid  body,  op  which 
it  presses,  and  which  reacts  in  a  direction  perpendicular 
to  the  touching  surface.  The  motion  which  it  takes  is 
the  diagonal  of  a  parallelograny,  one  of  whose  sides  is  AB, 
and  the  other  has  the  direction  A£  perpendicular  to  the 
path  AC.  Therefore  draw  BC  perpendicular  to  AC,  and 
complete  the  parallelogram  ABCE,  of  which  AC  is  the 
diagonal,  and  the  expression  of  the  force  actually  com* 
pounded  of  the  motive  force  AB,  and  the  reaction  AE 
really  exerted  by  the  path  in  the  point  A,  but  nowhere 
tUe.  The  compound  force  causes  the  body  to  move  along 
AC  without  any  more  pressure  on  the  path,  or  any  more 
reaction;  whereas  in  the  common  way  of  considering 
the  question,  the  resolution  of  the  force  is  supposed  con- 
tinual, and  therefore  the  pressure  continual. 

We  shall  meet  with  many  cases  where  the  investigi^ 
tion  has  been  made  extremely  difficult  by  treating  it  in 
an  abstracted  manner,  whereas  it  would  have  been  ex« 
tremely  easy,  had  it  been  considered  as  nature  presents  it 
to  our  observation. 

.  S09»  Having  thus  ascertained  the  direction  in  which 
•an  external  atom,  corpuscle,  or  larger  mass  of  solid,  that 
is  firm  matter,  is  acted  on  by  another,  we  at  the  same 
time  learn  the  direction  of  the  reaction  of  that  external 
-body.  It  is  also  perpendicular  to  the  touching  surfaces. 
.The  natural  consequence  of  this  information  seems  to  be, 
.that  when  an  external  body  is  thus  acted  on  (we  ahall 
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tuppose  it  repelled,)  it  wiU  be  nuule  to  move  off  in  that 
direetipQ.  Accoriiiogly  we  see  it  90  impelled^  in  the  in- 
tjtance  of  the  billiard  bail.  There  seeiM  Dothtog  more 
necessary  for  explaining  the  whole  effect,  True^  it  has 
been  perhaps  only  one  sensible  point  of  the  body  that  has 
been  so  impelled.  Bat  as  the  body  ja  solid,  hard,  and  in 
a  manner  impenetrable,  this  impelled  point  cannot  move 
off  without  pushing  all  the  rest  before  it.  We  see  no 
difficulty  in  this ;  and  there  seems  nothing  more  want- 
ing. 

But  there  is  a  great  deal  yet  une;^plained.  One  par<^ 
ticle  only  lias  been  impelled;  a  small  force  suffices  for 
moving  one  particle.  How  comes  a  reaction  to  be  per* 
ceived  as  great  as  if  each  particle  of  the  body  had  been 
separately  acted  on.  The  inertia  of  the  most  remote 
partide  must  be  overcome,  and  its  particular  reactioq 
seems  to  be  exerted  by  th^  single  particle  •that  has  really 
been  impelled.  It  would  seem  that  a  part  of  the  whole 
force  employed  has  been  somehow  propagated  through 
:the  substanf^e  of  the  ball  to  each  of  its  particles,  and  also 
that  the  reaction  of  each  of  those  particles  has  been  pro- 
•pagated  backwards  to  the  partide  redly  acted  on,  and 
that  all  these  reactions  have  been  exerted  by  this  single 
jMurtide. 

But  I  do  not  think  that  we  can  conceive  force  to  be  a 
thing  which  can  be  transferred  in  this  manner  from  one 
particle  to  another,  or  shared  among  the  different  parti- 
cles of  a  body,  as  salt  or  sugar  may  be  difiused  through 
water.  Our  notion  of  the  nature  of  force  will  never  be 
•very  dear.  But«  besides  this  obscurity,  we  see  that  what 
has  been  hitherto  said  will  not  explain  many  circum- 
stances of  the  nootion  produced  by  acting  on  one  part 
only  of  a  solid  body.  In  some  cases  we  see  the  impelled 
body  move  straight  forward  in  the  direction  that  we  ex- 
pect ;  but  in  other  cases  it  not  only  goes  forward,  but 
«lsp  turns  briskly  round ;  and  a  proper  attention  wiU  sbenr 
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US  Ibat  ihk  eanbiMiioB  9t  pregressite  atiid  votativt  nft>« 
tioa  b  regulated  b^  laws  as  steadj  as  any  in  nechanies. 
There  are  principles^  tkerefore^  by  which  this  propaga* 
tion  of  moving  force  is  ^regularly  modified.  . 

310.  TiMfe  is  .no  such  prafogaivm  of  force;      The 
»nHed  motion  of  the  wh(rfe  impelled  body  is  an  eumple 
of  the  txcUemtM  of  those  corpuscular  forces  which  con- 
tiect  the  particles  of  taagMe  matter.    If  the  action  or 
pressure  has  been  great,  <  and  the  body  burgiBy  and  of  Tcrj 
tender  friable  texture,  we  often  see  that  it  is  not  all  mo* 
ved»  althcHigh  its  parts  are  as  unirersally  in  cottlact  as 
those  of  another  body  which  moTCs  off  completely  hgr  the 
same  action.    A  blow  ^ven  to  a  metal  candlestick  wiH 
knock  it  over.    The  same  bk)w  giren  to  a  china  candlei- 
stkk  wHl  probably  leaye  the  foot  of  it  where  it  was,  and 
the  sUlk  o»ly  is  knocked  off.  Why  this  difference  ?  Why 
is  the  foot  left  behind  ?    There  has  been  a  d^eie&c^  <^ 
connecting  force.    A  hempen  cord  will  twitch  ii^  rapid 
snotioik  a  large  ball.    Bist  if  we  give  the  same  sudden  tug 
by  means  of  a  sknder  thread,,  we  shall  leave  the  bi^l  be^ 
hind,  for  the  thread  will  be  brokes.    Suek  examfiies  shew 
pretty  dearly  how  the  motion  of  the  remote  part  of  the 
body  is  eflEected,  either  by  pushing  or  paUkig.     It  is  the 
pressure  of  the  latt  partide  of  the  rod  or  rope  that  moves 
.the  ball ;  that  pressure  was  brought  iota  action  by  stretch- 
ing the  rope^  or  con^iresttng  the  rod*    Something  drew 
•the  kst  particle  hot  one  of  the  rope  a  Uttle  way  from  the 
•Very  last,  and.  therefore  brought  into  action^  or  excited 
the  attractive  force  wUch  is  inherent  in,  or  always  ac- 
companies the  particles  when  at  that  particular  distance 
«firom  each  other.     What  was  this  sonetbing?     It  was 
thb:  the  last  particle  fattt  two  was  drawn  away  from  the 
.last  hut  one,  and  therefore  attracted  it,  and  drew  it  away 
from  the  last 

311.  As  I  apprehend  it  to  be  of  great  importance  that 
^e  have  very  clear  and  precise  notions, of  the.maaner  in 
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wbich  the  senNble  forces  which  connect  the  partielei  ci 
mfttter  are  brought  into  action  by  the  action  of  external 
forces,  I  shall  emploj  a  little  time  in  endeaTonring  to 
render  it  plain. 

Let  a  X  (fig  IS.)  be  a  single  row  of  cohering  atoms  or 
particles,  without  weight,  in  a  yertical  position,  and  at 
their  natural  unconstrained  distances  from  each  othen 
Also  let  M  be  a  material  horuEontal  plane  in  physical 
contact  with  the  row  az. 

Now  let  the  Uf^rmost  particle  a  recover  its  weight. 
it  cannot  remain  in  its  present  position,  because  it  has  no 
support.  For  we  supposed  the  particles  to  be  in  their 
natural  inactive  distances.  It  is  not  acted  on,  that  is,  it 
is  not  supported  hy  b.  It  must  therefore  descend  hj  its 
gravity,  and  come  so  much  nearer  to  b  that  b  repels  it 
with  a  force  equal  to  its  weight,  a  is  now  supported.  Bui 
as  ft  is  supposed  to  act  on  a,  a  acts  on  ft,  and  pushes  it  from 
its  place  toward  c,  therefore  ft  cannot  rest,  or  be  in  equili- 
-brio,  till  it  is  as  much  repelled  by  c  as  by  a.  It  therefore 
comes  nearer  to  c,  and  is  followed  by  a.  But  when  e  in 
•this  manner  repels  ft,  enabling  it  to  support  a,  ft  repclsc, 
^pushing  it  nearer  to  dj  and  e  cannot  rest  till  it  is  as  near 
40  d  as  it  is  to  ft.  But  d  is  acted  on  by  e  as  c  was  by  ft^ 
«nd  is  made  to  approach  to  c  and  repel  it.  Without  re- 
4>eatiDg  the  same  thing  of  every  particle,  it  is  evident  that 
all  the  particles,  from  ft  to  M  inclusive,  will  be  brought 
so  much  nearer  to  one  another  that  their  mutual  rqnil- 
aion  is  precisely  equal  to  the  weight  of  a,  and  the  last 
•particle  z  acts  on  the  plane  M  with  the  same  force.  Thus 
the  plane  M  is  said  to  carry  the  weight  of  a.  But  this  is 
incorrect.  The  plane  sustains  a  pressure  equal  to  that 
weight ;  but  it  is  the  exerted  elasticity  or  repulsion  inhe- 
rent in  2r,  but  dormant,  till  excited  by  the  diminution  of 
its  distances. 

Now  let  ft  become  heavy.  It  will  descend  and  come 
Atill  nearer  to  c,  till  the  increase  of  c^z  repulsion  is  equal 
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to  the  weight  of  fr,  and  the  whole  repulsion  exerted  by  • 
is  equal  to  the  sum  of  the  weights  of  a  and  b,  b  is  now 
repdling  c  with  an  equal  force.  Therefore  c  must  ap- 
proach d  till  their  mutual  repulsion  is  equal  to  the  sum 
of  the  weights  of  a  and  b.  It  is  evident  that  an  equili* 
brium  will  not  be  established  over  the  whole  row  of  par* 
tides  till  all  are  as  near  to  one  another  as  i  is  to  c.  z  will 
be  at  this  distance  from  M,  and  M  will  sustain  a  pressure 
equal  to  the  sum  of  the  weights  of  a  and  b ;  a  pressure 
which  we  may  call  2. 

Now  letc  also  have  weight.  Without  repeating  all 
diat  has  been  said,  it  is  very  plain  that  the  equililnrinm 
will  be  re-established  when  e  and  all  below  it  are  so  near 
one  another  as  to  exert  a  repulsion  which  we  may  call  ^ 
and  M  sustains  a  pressure  3.  b  still  presses  with  a  force  2, 
and  a  with  a  force  1. 

Prosecuting  the  examination  in  this  way,  it  is  obvious 
that  the  particles  will  be  compressed  so  much  the  more 
as  they  are  farther  down  in  the  row*  z  will  press  the 
plane  with  a  force  24,  y  will  press  on  z  with  a  force  23, 
X  will  press  y  with  a  force  22,  8cc.  &c,  and  a  will  still 
press  with  the  force  1,  the  action  of  its  elasticity,  occa* 
sioned  by  its  heaviness.  We  are  warranted  to  say  so, 
because  we  know  that  all  tangible  matter  is  elastic,  and 
is  actually  compressed  by  its  weight,  and  when  it  is  so 
compressed,  it  is  its  springyness,  and  not  its  weight,  that 
is  the  immediate  agent  in  this  pressure.  We  may  even 
doubt  (however  difficult  it  may  be  to  rid  ourselves  of  the 
influence  of  habits)  whether  a  would  press  at  all,  merely 
in  consequence  of  its  weight  For  it  is  not,  surely,  from 
any  previous  knowledge  of  the  nature  of  matter  that  we 
believe  that  a  force  of  any  kind  can  be  transmitted 
through  a  piece  of  continuous  matter,  any  more  than 
through  empty  space.  We  have  abundant  evidence  that 
this  is  the  way  in  which  the  weight  of  bodies  is  felt  and 
sni^orted.     We  see  that  when  substances  which  are  very 
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to  the  whole  24  balk,  and  had*  urged  thein  intb  the  same 
motioni  But  this  is  not  the  reaction  of  each  ball  propa- 
gated  backward,  but  solely  the  great  elasticity  of  the  spring 
a  b  occasioned  by  its  great  compression. 

313.  When  we  urge  a  soft  clay  bail  into  quick  motion 
by  a  stroke,  or  by  the  continued  pressure  of  a  rod,  or  by 
a  spring,  without  striking  it,  we  always  observe  that  it 
is  fliEittened  or  dimpled.  Thus,  if  a  strong  spring  be  coiled 
up  and  held  by  a  catch,  and  we  lay  a  clay  ball  on  it,  and 
disengage  the  catch,  the  spring  unbends  and  draws  away 
the  ball  If  it  fall  into  water  and  be  picked  up,  we  shall 
find  it  very  much  flattened  and  dimpled  by  the  spring ; 
so  much  the  more  as  the  unbending  of  the  spring  was 
more  rapid.  How  was  this  done  ?  The  ball  got  no  blow  ; 
and  mere  lying  on  the  spring  did  not  dimple  it. 

This  will  be  still  more  sensibly  seen,  if  the  ball  be  impelled 
like  a  boy^s  trap-ball.  The  trapstick  is  §truck  at  A,  (Plate 
JV.  fig.l.)  and  motion  round  the  fulcrum  C  follows,  and  B  is 
drawn  off,  but  without  any  stroke ;  yet  B  is  just  as  much 
dimpled  as  if  the  blow  had  been  given  it  without  any  in- 
tervention. This  impulse  then  is  effected  entirely  by  the 
same  repulsive  force  which  made  B  lie  on  the  end  of  the 
trapstick  without  touching  it.  *  We  have  no  evidence  that 
it  touched  it  when  drawn  off;  nay  though  it  may  have 
been  shattered  to  pieces. 

.  Remark  also  that  in  the  example  mentioned  above  of  the 
bent  spring,  we  know  that  the  motion  was  impressed  on 
the  ball  by  insensible  degrees.  We  ^an  tell  the  velocity 
acquired  in  every  part  of  the  motion  till  it  quitted  the 
spring. 

314.  Thus  the  model  has  given  us  a  very  clear  notion 
of  the  procedure  of  nature ;  and  it  is  a  very  accurate  no- 
tion, and  nowise  misleads  us.  Nay,  I  must  now  say  that 
it  is  not  a  model,  but  a  real  example,  perfectly  similar  to 
the  putting  any  piece  of  solid  matter  in  motion.  For  all 
3oUd  bodies  that  we  are  acquainted  with  have  some  elastl- 
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cUji  and  mutual  pressures  are  exerted  all  ever  them^ 
whether  by  compression  or  dilatation^  If,  therefore,  we 
limit  our  inquiries  to  the  phenomena  of  the  existing  crea- 
tion of  God,  our  information  is.  correct  and  adequate. 

The  question  now  is,  whether  our  dynamical  knowledge 
enables  us  to  establish  general  principles  which  may  suf- 
fice for  explaining  the  phenomena,  and  for  rendering  thia 
knowledge  useful  by  increasing  our  power.  I  apprehend 
that  it  is,  and  that  in  this  investigation  we  shall  obtain 
^luch  help  from  Father  Boscovich^s  manner  of  considering' 
these  corpuscular  forces.  We  shall  thus  discover  seme 
very  general  and  simple  laws  by  which  this  excitement  of 
corpuscular  force  is  regulated. 

A  very  evident  way  of  obtaining  this  knowledge  will  be 
to  inquire,  what  analogy  or  relation  there  is  between  the 
force  applied  to  one  point  of  a  solid  body  and  the  force 
that  is  thereby  excited  in  another  point  of  the  body.  We 
shall  learn  this  again  by  discovering  what  external  force 
yr'iM  exactly  balance  the  force  thus  excited.  For  the 
force  excited  must  be  equal  to  this  external  force,  and 
must  be  in  the  oppoiiite  direction. 

.  The  elementary  doctrines  on  this  subject  may  be  conw 
prehended  in  the  following  propositions. 

315.  1st.  When  any  number  of  forces  are  in  equilibrio 
][)y  the  intervention  of  a  solid  body,  they  are  such  as 
would  be  in  equilibrio  if  they  were  all  acting  on  a  single 
atom. 

f  A  mass  of  solid  matter  may  b^  the  means  of  setting 
two  or  more  forces,  such  as  pressures,  impulses,  or  mere 
solicitations,  to  motion,  in  seeming  opposition  to  one 
another.  That  is,  each  may  be  prevented  (rom  producing 
that  change  of  motion  in  the  bpdy  which  it  would  have 
produced  had  the  other  forces  been  away.  This  is  called 
setting  the  forces  in  equilibrio  with  each  other,  and  the 
forces  are  then  said  to  balance  each  other.  But  it  would 
be  more  proper  to  say  that  the  body  is  in  equilibrio. 
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This  koirever  is  but  a  teeming  opposition  of  tKe  fovdenj 
A  force  cannot  be  in  equilibrio  with  another  unless  bothr 
are  applied  to  the  same  point.  If  another  eq^nal  force  be 
applied  to  the  sane  point,  in  the  opposite  directiotiy  all 
change  of  motion  is  prevented.  Therefore  when  two 
forces  are  'applied,  and  no  change  of  motion  ensues,) 
we  must  conclude  that  these  two  forces  are  equal  and 
opposite. 

In  applying  these  obsenrations  to  the  present  question^ 
therefore,  we  must  say  that  any  one  of  Uie  external  forces,' 
such  as  A,  Plate  IV:  fig.  2.  is  in  equilibrio,  not  with  another 
of  i^e  external  forces  B,  but  with  the  corpuscular  forces 
which  connect  the  rqst  of  the  body  with  the  point  or  with 
the  atom  to  wbkh  A  is  applied.  In  like  manner,  each  of 
jthe  other  external  forces  is  in  immediate  equilibrio,  only 
with  the  force  exerted  by  the  point  to  which  it  is  applied^ 
which  force  »  the  corpuscular  force  connecting  that  parti- 
cle with  the  rest  of  the  body.  Also  we  may  say,  in  gene-* 
ral,  that  the  force  exerted  by  any  one  of  those  particles  is 
not  a  simple  force,  but  the  combined  action  of  all  the  par-^ 
tides  with  which  the  particle  acted  on  is  immediately  con« 
nected.  This  must  be  the  case  ninety-nine  times  in  the 
hundred.  The  force  exerted  by  the  particle  acted  on  by 
the  exterhal  force,  is  the  equivalent  of  aH  those  jramedi-* 
ately  connecting  forces.  Now  we  hare  seen  that  when 
forces  «re  thus  excited  in  distant  parts,  the  excitement 
must  take  place  over  all  the  intervening  particles,  perhaps 
diiferently  in  each.  We  have  supposed  all  the  forces  to 
be  in  equilibrio.  Therefore  the  equilibrium  must  obtain 
over  all.  For  if  any  particle  be  not  in  equilibrio,  it  wifl 
not  remain  in  its  present  situation,  contrary  to  our  suppo^ 
sition  of  perfect  rest  over  all.  The  equilibrium  therefore 
is  general.  Now  consider  bow  this  equilibrium  is  pro- 
duced.  Every  particle  is  attracting  or  repelling  its  ad- 
joining particles,  and  is  equaJbf  attractec^  or  repelled  by 
them.    Therefore  the  whole  corpuscular  forces  are  made 
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OpJKMtte* 

Itii  •TidfiBt  UmH  if  all  ihlMtf  «or|MiMiikr  <aii!eM  weit 
applied  id  iine  poitit  ^0f  wmM  bt  m  eqailthiiai  bo- 
lUMBB  eich  ii  opfMrMl  bjr  ibi  equal,  iillut  it  Jms  btcn  dfr- 
lataatMtad  «bat  wktn  a  nuttiMr  dtfittm^  SRitiiif  on  AM 
fnitit^  Uik  id  aqailihiioi  if  thajr  be  divided  into  parcel^ 
tk^  equlTaiMti  of  tli^e  pATodi  w^ould  h^  in  eqittibrio  if 
ipplM  to  dnt  jtoint  Xom^  in  the  ^recent  eaae^  Ihe  foivtoi 
amrtad  by  the  dJffiN^nt  fm^  iQwhUh  Ite  exteraal  Ames 
an  ^pIM^  »r«  eacji  tU  ^qitiirdieiite  of  Ihvmk  ^f  the  coif- 
^■cular  facees  eaerMd  eH  over  the  bodjf.  I^bferefei^ 
these  equiyalenU  would  be  in  equilibrio  if  all  were  ^ 
pUed  tP  0A<  i«E)ijlt.  6iit  eeeb  of  tboie  equivalents  is  e^ual 
Aad  opposite  tn^  the  e^leiMl  fpre^  with  which  h  is  id  \p^ 
tudiktm  eqnilibrirtmi  Therefore  these  el^ernul  forced  ore 
Mtob  al  would  ke  in  &fMikAo  if  nU  wcure  applied  to^joiie 
potatt 

Sfidi  U  the  geoend  Uwi  Biit^  in  irier  that  thi^  miij 
4btliin^  In  drdsr  thai  the  psaeise  forees  maj  b<  exdrtMl 
wUoh  wiil  ;pmdlic*  Oils  eqitilltbrhim,  the  body  will  asstim^ 
certain  positions  or  attitudes  depending  on  the  dirK^om 
abdjattesilf  of  the  exterail  ftOrced.  Those  eonditlona 
will  canto  iittci  flew  %  eaniiderinf  smne  df  the  tnoel  imr- 
pie  Imats  tf  this  gBneral  JaWi 

816.  fUL  if  the  body  be  hi  equiiibri<>  betw««n  twi^  ex- 
ternal ibiMs^  they  are  ^aal  and  dfkpostte,  add  Che  lUie 
|ai«i^  the  pc^inttf  of  their  appHcalton  colftcidcto  witll  the 
line  of  diveni«m  hi  wJdah  tti«  fosois  JM  esefcted« 

Siiitpose  the  paint  cf «'  body  date  IV .  fig.  a  to  be  tirgM 
by  a  £0rte  .whose  ilitenait|^  and  direction  is  rtfsreteit^ 
hf  m  Ai  y^hikk  the  pdint  i  is  urged  bjr  ^  fohoe  whose  iatensit{r 
is  rqpeeseatad  by  AB,  eqnd  to  kA^  hnd  whose  direetion 
is4]^p|toeitfl  toaA4  io  thht  *B  inther  coincidel  with  «t  A 
oris  parallel  to  it.    It  is  plain  that  those  two  forces  would 

veil.  I.  » 
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be  in  equilibrio  if  applied  to  one  point,  because  they  are 
equal  and  opposite.  But  the  body  will  not  be  in  equili'^ 
brio,  unless  the  line  ab  between  the  points  of  application 
coincide  with  the  production  of  A  a  or  Bi.  For,  when 
these  two  forces  act,  the  point  a  is  urged  in  the  direction 
a  A.  But  it  is  withheld  by  the  corpuscular  forces  everted 
between  a  and  A,  acting  in  the  direction  a  6.  Therefore 
the  point  a,  being  urged  both  in  the  direction  a  A  and  in 
the  direction  a  i,  tends  to  move  in  some  intermediate  dii> 
•rection  a  C.  For  the  same  reason,  the  point  b  will  more 
in  some  intermediate  direction  b  £.  The  body  will  there«> 
fore  change  its  position.  That  is,  it  is  not  in  equili- 
brio. 

But  if,  as  in  fig.  9.  the  lines  Ad,  afr,  &B,  form  one 
straight  line, .  it  is  evident  that  there  will  be  no  such 
motion  of  the  points  a  and  b.  For  a,  being  urged  in  the 
direction  a  A,  and  withheld  in  the  opposite  direction  a  b^ 
and  the  force  urging  it  in  the  direction  a  b  being  eqtial  to 
that  urging  it  in  the  direction  a  A,  the  point  a  is  in  equi- 
librio. In  the  same  manner,  b  is  in  equilibrio.  The 
body  will  therefore  be  in  perfect  equilibrio  between  these 
two  forces.  • 

It  is  easy  to  see  that  in  the  first  case,  where  the  body 
was  not  in  equilibrio,  the  motions  of  a  and  b  tend  to  dimi- 
nish the  inclination  of  the  line  a  &  to  the  direction  of  the 
forces,  and  would  soon  bring  it  into  that  direction,  and 
then  the  body  would-  be  in  equilibrio  between  them. 

Thus  then  it  is  one  condition  for  the  equilibrium  of 
two  forces,  that  their  line  of  direction  shall  coincide  with 
the  line  joining  the  points  to  which  they  are  applied. 
Whe^  this  obtains,  it  is  indifferent  to  what  point  of  thi* 
line  they  are  applied.  The  force  b  B  may  be  applied  at 
i,  or  e,  or/)  &c.    This  is  an  important  circumstance. 

3d.  When  a  body  is  in  equilibrio  between  three  forces^ 
then  > 

3I7,  (a)  The  directions  of  these  three  forces  lie  in  one 
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^ihne.    Tbr  thi$  ednldition  U:  necesfiirj  fof  tbtir  equiU- 
briuiii  if  applied  to  one  point     See  DyNAictCf.  'i 

31%  (b)  Thd  intensities  Of  these  tansBk  are  proportional 
to  thi  sides  of  a  triangle  or  paridlelogram  wUeh  haye  the 
same  direction;  For  thb  dto  is  necessary  for  their  equiv 
librium  in  one  point 

319;  (c)  If  three  fofces  ar^  set  in  equilibrio  bf  being 
applied  to  tluiee  diflbrent  points  of  a  rigid  bodj,  all  tl^ir 
•directions  mej^  in  one  pointy  or  they  are  idl  parallel ;  ilnd 
anj  one  of  the  forces  is  to  any  other  of  them  r^iprocailjr 
as  the  perpendiculars  drawn  40  their  dirMions  froiii  the 
point  to  which  the  remaining  third  external  force  is  ap^ 
plied. 

Let  the  tUre^  forces,  acting  in  the  directions  AD^  BB^ 
CF,  fig.  4.  be  applied. to  the  points  A^  B,  and  C,  of  a 
rigid  body.  Let  thar  intensities  be  repre^etited  by  the 
length  of  tbes^  lines.  Then  it  is  to  be  ptored  that  thesfe 
direictions^^her  meet  in  one  point  T;  or  that  they  Im«  pa- 
rallel. Alsd,  if  C6  and  CH  be  perpendicular  to  AD  and 
B£^  we  shall  hiive  AD :  BE  =  CH :  CGi 

If  th^  directions  AD  and  BE  are  ncft  ptirallel^  let  them 
meet  in  T;  Join  CT^  mid  dr^w  C  k  parallel  to  AD^  and 
C^tbBE. 

^iacd  ire  suppose  these  farcies  id  equilibrio  by  the  liiter- 
tehtion  of  the  rigid  body,  th*ey  are  suth  aft  Would  balance  ^ 
if  lEipplied  to  one  point  with  the  same  directions  and  intet^- 
sities:  Now  the  directions  C  •  and  C  0  are  the  iiame  with 
AD  and  B£^  and  the  figure  C«T  ^  is  a  paralleldgi^m, 
and  the  forces  AD  and  BE  are  in  thb  same  proportion  aa^ 
the  sides  0  •  and  C  fi^  andlfae  third  CF  is  as  CT,  and  bias 
that  dtr^ctton^  beeause  a  fbnce  equal  and  opposite  to  CT 
would,  if  applied  at  C^  balanbe  the  forces  C  •  and  C  $. 
Therefore  the  direction  of  the  force  applied  at  C  passcts 
through  the  intersection  T  of  the  other  two  directions. 
Htoce  '  the  first  part  of  the  proposition  is  demon- 
strated. ^ 
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8e0o«idljr,  by  feaMnn  of  die  paralteb  C«  aad  AT,  ttdl 
the  parallelt  C ^  ud  BT,  the  angles  C/sGnd  C»H  ate 
•qiMl.  So  ara  the  right  angles  at  6  aad  H.  Therefere 
the  trianglea  C/s  G  and  C. H  are  similar,  and  C« :  C  ^  s$ 
CH:CG.  ButC«:C43sAD:BE.  Therefoie ire liate 
ADfBE=;CH:CG. 

Sdcb  is  the  promt  that  nmy  Ibe  dadueed  from  a  general 
|iro|kisftion  hi  dyBamJcs.  Bnt  it  will  greatly  ooDduee  to 
a  better  caneeptioa  of  the  equilihrmm  in  this  fiindanms- 
tal  case,  if  we  trace  tha  operation  of  the  corpuseidar  eoa- 
nacting  forees  bj  which  this  equHlbrimii  is  mmeHaiefy  e& 
laetad. 

320.  It  is  evident  that  bj  the  joint  action  of  the  iwv 
ftrces  acting  hi  the  dlractiDns  AD  and  Bfiy  and  thai  of 
CF  acting  in  the  opfioaite  dhwtian  to  their  ^lavalent^ 
<he  paint  C  it  dnmrn  away  twm  the  line  AB.  The  hody 
jsoa  the  strateh  between  C  and  the  line  AB,  bnthetweoi 
A  and  B  there  is  a  degree  «f  oompiwdon.  Tina  slate  of 
%hn^  veiy  mneh  resembles  what  it  would  be  if  C A  and 
CB  were  two  threads,  connecttng  C  with  A  and  with  B, 
noid  hhving  a  slender  tod  or  wire  AB  to  keep  those  two 
pointa  asnnder.  It  is  qntte  phdn  that  if  tlie  hod j  were 
pulled  at  C  by  a  thread  GF/  and  at  A  by  a  thread  AT, 
and  at  B  by  the  thmad  BT,  time  threads  wooM  haeethe 
Sections  of  the  ibrces.  Now  thns  coold  net  be  unless 
there  were  some  ealid  matter  between  A  aad  B,  hceping 
4he  threads  asunder.  The  threads  CA,  CB,  are  stretched^ 
and  the  rod  AB  is  compressed.  We  may  perhaps  eonceire 
"the  internal  mechanism  still  better  if  we  snppeae  each  of 
4ie lines CA,  CB,  and  AB,  to  be  qpmlwires,  twisted 
like  coHc<^screws.  When  the  forces  p«ll  at  this  dastictrs- 
angle,  it  is  e^JAmt  that  the  ^irak  CA  and  CB  will  be 
*4^mched  a  Itttle  beyond  their  Watnral  dimensions,  nd  are 
therefere  esierting  contractile  fbroes.  B^t  AB  is  oumpsen* 
aed  into  stnaltei*  bnik,  and  is  tlierefbre  enerting  ezpansife 
or  protnisire  forces. 
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Instead  of  tims  pvlKng  A,  B»  ani  C,  fai  die  direetiMS 
AD,  BS,  and  CF,  ve  amj  auppote  then  pushad  id  tba 
opposite  diiectioQs  DA*  EB,  and  FC.  In  dus  case  w$ 
should  find  CA  and  CB  in  a  state  of  oompressiont  and 
AB  on  the  stietch.  It  nay  eren  happen  that  all  the 
three  lines  are  stretched,  or  all  three  compressed*  This 
happens  when  the  diiection  DA  or  EB  divides  the  into* 
rior  angle  of  the  triangle.  We  always  have  one  dmo^ 
tion,  such  as  CF,  which  does  so.  The  other  two  direc« 
tiSu  AD  and  BE  either  (as  in  this  figure)  both  divide 
tks  eiteraal  angles  CAK  and  CBN,  or  both  dirida  iha 
internal  angles.  A  little  attentiTe  consideration  will  maka 
this  very  evident,  but  it  requires  numy  words* 

A  farce  cantiot  be  immediately  baknced  except  by  an 
eqoal  and  opposite  foice  appbed  to  the  saow  point.  The 
farce  CF  does  not  munediately  balance  the  forces  AD  and 
BE,  boi  an  equal  and  opposite  fiiroe  C&.  This  force 
CE  arises  from  the  combined  action  of  the  eohtractib 
fivces  of  the  threads  CA  and  CB«  It  is  their  eqniTalent 
or  resnktng  force.  CR  is  therefore  the  diagonal  of  somo 
paraUebgram  CPRQ,  of  which  the  side  CP  is  to  the  side 
CQ  as  the  contractile  force  excited  along  CB.  In  liko 
maimer*  the  force  AD  is  in  immediate  equifibrinm  with 
Iho  oontnaotile  force  of  CA«  and  the  protrusive  or  expaiW 
aive  force  of  AB.  The  force  AL  must  b^  the  diagooal 
of  some  parallelogram,  whose  sides  have  the  direetiooa 
AC  and  BA»  that  is^  of  the  paratlelogram  AKLI ;  and, 
lastly,  BE  is  iaunadiately  halanced  by  its  equal  apd  op* 
posite  BO,  the  diagonal  of  the  paraUelogtnm  BNOM,  of 
wliicfa  one  side  BM  is  the  contractile  force  of  CB,  and  tt^ 
other  BN  ia  the  protnisive  force  of  AB. 

Now,  since  every  action  is  accompanied  by  an  ef{ual 
Md  contnwy  neocUon,  it  follows  that  Al  ss  cr»  and 
BM7CQ,andAK«BN. 

891.  Draw  CS  perpendicular  to  AB.  Then,  because 
in  aqy  triaegle^  the  sides  are  as  tho  mes  q(  the  op|K>»ite 
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angles,  we  hare  AL :  LI  =  sip.  AIL :  sin.  LAI,  s  sin. 
CAB :  sin.  CA6.    But,  making  GA  the  radius,  it  is  plain 
that  CS  is  the  sine  of  the  angle  CAB,  and  C6  is  the  sine 
i)f  the  angle  CAG.    Therefore 
we  have  AL  :  LI  =  CS  :  CG^ 

and  also  MO,  or  LI :  BO  =  CH  :  CS 

therefore  AL:BO=sCH:CG 

consequently  AD:BE  =  CH:CG 

Q.  •£.  d, 

•  Thus  have  we  demonstrated  the  proportion  between 
the  forces  applied  at  A  and  B.  We  should  have  the  same 
determination  for  the  ratio  AD :  CF,  or  of  BE :  CF,  by 
the  same  mode  of  procedure. 

'  It  remains  to  demonstrate,  hj  tracing  the  operation  of 
the  excited  corpuscular  forces,  that  the  three  lines  FO^ 
AD,  and  BE,  intersect  in  one  point  T.  Therefore  draw 
F  a  and  Q  b  parallel  to  AB,  meeting  C  «  in  a,  and  C<  A  in 
iby  and  join  a  R  and  b  R*  The  figure  C  a  R  i  b  a  paral- 
lelograqii.  For,  since  CP  and  CQ  are  respectively  equal 
to  AI  and  BM,  the  triangles  LEA  and  CP  a  are  similar 
«nd  equal.  So  are  the  triangles  P  a  R  and  MOB.  So 
'tare  CQ  &  and  ONB ;  and  so  are  Q  &  B  and  ILA.  Ther&. 
fore  C  a  and  b  R  being,  each  of  them,  equal  and  parallel 
io  LA,  are  equal  and  parallel,  and  therefore  C  b  and  a  R 
are  i^so  equid  and  parallel,  and  the  figure  C  a  R  &  is  a 
parallelogram. 

•  Thus  -we  see  that  CR  is  not  only  the  diagonal  of  the 
parallelograpi  CQRP,  and  the  equivalent  of  the  two  con* 
tractile  forces  CP  and  CQ,  excited  in  the  solid  matter  of 
the  body,  but  that  it  is  also  the  diagonal  of  the  parallelo* 
gram  C  a  R  6,  and  the  equivalent  of  the  forces  C  a  and 
C  6,  which  are  parallel  and  equal  to  LA  and  OB,  or  to 
AD  and  BE,  the  external  forces.  •  We  see  that  although 
it  is  not  in  immediate  equilibrium' with  those  two  forces^ 
it  would  be  in  equilibrio  with  them,  were  they  applied  at 
^.    Moreover^  since  we  know  that  AD :  B£  =  C  • ;  C  /^ 
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We  hare  C  a :  C  ft  =  C  •  :  C  /s,  and  therefore  ttie  two  si- 
milar  parallelograms  C  a  R  i  and  C  «  T  ^  are  about  the 
same  diameter ;  that  is,  the  direction  CR,  or  FC,  coin- 
cides with  CT,  that  is,  it  passes' through  the  intersection 
of  the  directions  AD  and  B£. 

'  The  force  CF  rtmoiefy  balances  the  forces  AD  and  BE, 
'  by  exciting  the  contractile  forces  AI  and  BM,  or  CP  and 
CQ,  the  equi^raknt  of  which,  viz.  CR,  it  balances  imme- 
diately, while  the  expansive  forces  AK  and  BN  balance 
one  another. 

'  The  illustration  by  means  of  the  threads  CA  and  CB 
and  the  rod  AB,  by  which  the  threads  are  kept  apart,  is 
quite  accurate,  and  gives  us  very  just  and  adequate  no- 
tions of  the  unperceived' corpuscular  action  by  which  the 
ostensible  balance  is  effected. 

.  It  must  also  be  noted,  that  the  demonstration  would 
have  been  precisely  the  same,  to  whatever  points  of  the 
lines  AT  and  BT  the  same  forces  had  been  applied  in  the 
aame  directions.  Even  at  the  point  T  or  beyond  it,  the 
^ree  forces  would  still  have  balanced  each  other.  We 
shall  always  have  the  same  equality  and  reciprocity  of 
forces  between  the  connected  points ;  and  this  will  always 
-give  the  same  form  to  the  parallelogram  C  •  T  ^^  The 
form  of  the  triangle  ABC  is  altogeUier  indifferent. 

This  confirms,  in  an  unquestionable  manner,  what  was 
aflSrmed  in  dynamics,  and  is  assumed  by  Sir  Isaac  Newton 
in  his  second  Corollary  from  the  Laws  of  Motion.  Some 
qBdathanaticians  say  that  he  has  done  this  without  sufficient 
•authority,  and  that  it  should  not  have  been  assumed,  but 
demonstrated.  This  is  done  here,  on  the  authority  of 
(the  ithird  law  of  motion.  Nothing  else  has  been  as- 
'somed. 

3^.  It  is  scarcely  necessary  to  repeat  tliis  discus«on 
■for  the  case  where  the  two  forces  AD  and  BE  do  not  in- 
tersect, being  paxalleL    .For  it  is  evident  that,  in  this 
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^m^i^  4lfMioi|ii    For  iMd  mm  b«  the  r«Pe  wbea  M 
act  on  one  point    Then,  as.  tf  tN  pfvportim  ftf  AP  to 

fWgi  tb«r«  viti  b^  the  iMif  Wfitqwpl  «f  qWtTMtUi 

There  is  however  a  peculiar  simplicity  in  IUk  tm%  tf 
p^rall^  foV^ea^  IF^b  if  vf ry  Mm^fOi^  W  Minbntes 
fCQM4Ms  i  f(fir  uliif h  rtiuM  it  !•  geMriilj  ^AviaalilQ  l« 
x^vm  «>1  Qthf r  «affes  t«  tikis^  hf  resohing  ^ick  ftfce  mt« 
^tkorSf  paiiallel  to  ofrtMn  lii^  pr^qmijF  chc^a  Tht 
simplicity  arises  from  this  ctfcWtstMoe*  thfit  Ibe  Uvw 
CH  itiKl  CG  BNikf  096  sti«ight  liM^  as  wlig.l^  And, 
Iwcause  CF  is  ake  psfaUtl,  il  Mlatrs  tM  tha  (mm  at  A 
iMid  S  are  iovetaaty  m  tW  p9rti«iits  af  tnj  Une  PCQ^  or 
ABY^  or  BXT,  interwpM  lietiraMP  tbe  pupaflsK  TM 
IS,  AI>:BE«CH;Ctt>  wCQ;CP,  «RV:BA,  » 
XB:XT.  IqlikeQiMiiiarAD;CF=R]lX:BT»«=«C: 
<{P,  9io.  &c. 

933.  Also  AD  .  fi£  s  BX  :  AA,  V)r  dvMriof  |a»VMr 
^iculars,  not  froin  C  o»  tbe  iKreeliODa  AI>  sod  B£,  b«t 
Ifom  A  ao^  B  a»  tha  diiMliipi  FC.  TUa  »  peraUarly 
fonvanieikt  on  ma»j  ommmnib. 

S84.  Wf  now  a^  tkat  ife  ia  mot  am^jk  tat  muniog  the 
aquiUhrium  of  three  eaitK^mal  foraas»  by  tho  iatarvaflioa 
oi  a  aoUd  badji  thai  thaf  haYa  sueb  diveelMSis  and  pN^ 
|x>rtioHa8  as  would  malie  them  hdavca  when. acting  mi  ane 
4ifepiii.  If  the  body  ho  «l  perfect  Bbcfty»  tbb  bdance  iriN 
be  effected,  but  the  body  will  generally  moTe  and  asavae 
m  particular  attitude^  (ftllaw  aaa  so  tp  catt  il)»  suck  that 
the  parpendieukflrs  dcani^  from  one  of  tba  poiata  of  applL 
catioii  Qft  tbe  directioBS  of  tbe  fortea  aatinf  an  tbe  adier 
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iMccmotrs  raun;  '  Sit 

Ivff  poInU*  wet  ncipncMf  {tfoj^iooil  to  Uicr  tttten^tieg 
ef  tb08e  fi»rcf I.  |a  any  otbiif  latitude  oS  the  body,  tho 
&r«M  9re  jwr%  eioplo)f«d  fiv  ebangiag  (••  wi(l  «ppter  b]^ 
fAd  by)  A^  yo^itiw  «« i^wtiw  of  tba  bo4j  MMUg  olbfv 
bQ%«.  Thi»  PW)arb«  and  this  distinction  bdtve«a  attH 
luda  and  situafciw  or  po«|tio9i>  will  bii  found  to  be  impor^ 
|a|it  Our  ebief  coAceryi  at  fmaMit  ia  to  obtaip  tb^  pro« 
partkimof  tba  balanejwg  f«rcai)  and  araa  Uda  waa  nh 
quired,  in  order  to  learn  the  Ulf  wbick  ffgnUtaa  tbe  €»f 
aitafitnt  of  tba  corpiMcular  forces.  Accordinglj^  wt  have 
)a«raad  tbe  aaiagiiiittde  of  tbe  force  awifad  at  P  %  4. 
t»y  ^  ^pplieation  pf  |ha  for^e  AD  at  A.  Tbp  forae  ex* 
aitad  at  B  U  evident^  BO,  and  wa  dli^aver  U;^  praoti» 
pMy^  by  finding  that  AJ>  i&  balaniaid  bj  B£»  Wa  kiH»nr 
(bat  BQ  ie  ai^iiial,  an^i  oppprita  to  tbia  fibrae  B]&     ^ 

39&  Wa  aannot  proc^  aancb  fartbar  wilboat  tafc^iif 
fame  n^tiaa  of  tba  eAaiyf  of  attitada  o#Gaeiwed  bj  tbi 
UPtiQH  of  extarnal  foraair  Wbm  tbingi  ara  in  thia  itata 
nf  emoiHbrioin;  vuppaia  tbat  same  addition  isasadato 
Ite  force  AD,  fig.  4.  it  will  np  longer  balanaa  AL,  aind  tbtf 
{nun  A  must  ba  urged  and  awal  paeva  tairardf  T.  Tba 
pqint  B  nbQ  nili  ehift  ito  plac%  Tba  fom  GF  aKiet  tim 
be  su{^<ed  b|  reccvre  aima  abangai  tbat  it  may  aprio 
balaoca  AD  and  BE*  But  we  do  not  f^t  present  attend 
aa  patticularly  In  the  pandition  of  tbat  point ;  and  wi 
nay  ^nppoaa  A  retatnad  in  ita  {dnoe  by  a  aampetant  ftrae; 
The  body  nvet  Uk0  a  new  attilnde,  as  we  da  Ml 
suppaea  the  diracyana  of  Afi  and  BE  to  fhange;^  tba 
a^^la  »  C«,  and  tlia  opposita  aagia  T  of  tbe  paraUalo^ 
gram  re taioa  ite  inagnitad#«  Bat  it  wiU  be  diffarynily 
divided  by  CT.  For  it  may  be  remarked  tbat  CT  bei^g 
taken  aa  tadsua*  GH  and  CG  are  tba.  sines  of  tba  angles 
CTB  and  CTA  ThMiara,  ^  we  snpposed  tbe  fcroa 
AD  to  be  angmented,  BS  tmMmn^  the  lanie,  tbe 
latio  of  CH  to  €G  WKt  inawaae.    Tbenifiora  tbe  aagia 


Digitized  by  VjOOQIC 


S30  CMPUSCITLAB  ACTION* 

CTA  must  diminish  and  CTB  must  inerease;  the  liiia 
CT  shifting  towards  that  side  on  which  B  is.  Hence 
we  see  that  increasing  AD  tends  to  gire  the  bodj  a 
tort  of  rotative  motion  round  C  in  one  directioB ;  and 
that  augmenting  B£  will  tend  to  produce  a  rotative 
motion  round  C  in  the  contrarj  direction.  In  short, 
the  body  must  again  assume  such  an  attitude,  that  the 
perpendiculars  CH  and  CG  are  again  proportional  to  the 
forces  applied  at  A  and  B. 

S26.  Since  we  have  AD  :  BE  =  CH  :  CG,  we  have 
ADxC6=:B£xCH;  that  is,  when  Uie  equilibrium 
obtains  which  ascertains  the  ratio  of  the  excited  forces, 
we  have  the  rectangles  or  products  of  the  forces  by  their 
p^^ndicular  distances  from  C  in  the  ratio  of  equality. 
This  equation  may  be  conceived  as  indicating  an  equality 
of  energy  o€  momentum  for  turning  the  body  round  the 
point  C,  for  such  rotation  happens  immediately,  if  either 
of  the  forces  AD  and  BE  be  increased  or  diminished* 
This  way  of  considering  the  silbject,  is  not  our  chief  ob- 
ject at  present,  but  it  will  be  useful  to  keep  it  in  mind. 
We  may  express  it  more  briefly  by  making  a  represent 
the  perpendicular  from  c  on  the  direction  of  the  force  ap- 
plied at  A,  and  b  the  perpendicular  on  the  directicm  of  the 
force  applied  at  fi.  This  gives  the  equivalent  equation 
ADxa  =  B£x&.  Till  this  be  accomplished,  we  have 
no  method  of  ascertaining  the  force  exerted  in  the  differ* 
ent  parts.  We  know  however,  (and  it  is  of  importance 
to  have  it  familiarly  in  our  recollection)  that  while  this 
body  is  changing  its  attitude,  the  force  exerted  in  evary 
particle,  is  precisely  competent  to  the  motion  which  is 
there  produced.  .  . 

We  have  seen,  that  when  a  mast  of  rigid  matter,  or  as 
it  is  usually  denominated,  a  solid  body^  is  the  interttie-> 
dulm.by  which  three  forces  are  made  to  balaiice  one  an- 
btheTi  their  directions  meet  in  one  point.    Hence  it  fol» 
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lows  that  these  directions  are  in  one  plane,  namely,  the 
plane  of  the  triangle  ABC.  Three  forces  may  have  their 
directions  meeting  in  one  point,  and  yet  may  be  in  dif-* 
ferent  planes,  as  when  they  meet  in  the  vertex  D  of  the 
tetrahedron  ABCD  of  Plate  III.  fig.  7.  But  in  this  case 
there  is  not  an  equilibrium,  without  the  action  of  a  fourth 
force,  as  we  shall  see  by  and  by.  At  present  we  proceed 
to  investigate  the  exerted  <  forces  when  more  than  three 
points  are  considered.  It  is  necessary  to  begin  with  forces 
acting  all  in  one  phme. 

327.  Let  the  forces  AD,  BE,  CF,  S  «,  Plate  IV.  fig.  6^ 
be  applied  to  the  four  points  A,  B,  C,  8,  all  in  one  plane,  in 
which  are  also  the  lines  of  direction  of  the  forces ;  and  let 
all  be  in  eqtiiUl»io.  It  b  required  to  determine  the  ratio 
of  the  forces. 

Any  one  of  the  forces,  BE  for  example,  may  be  stated 
as  in  opposition  to  two  other  forces  AD  and  S«,  tending 
to  turn  the  body  round  the  point  C  to  which  the  remaib-. 
iBg  force  CF  is  applied.  BE  may  therefore  be  consider- 
ed as  the  aggregate  of  two  forces,  B  e  and  e  E,  of  which 
the  first  balances  AD)  and  the  second  balances  Ss, 

The  process  pf  investigation  may  be  the  same  as  be- 
fore. AL,  equal  and  opposite  to  AD,  is  the  force  exerted 
at  A,  and  k  arises  from  a  contractile  force  AI  combined 
with  a  protrusive  force  AK.  Making  BN  =  AK,  and 
drawing  NO  parallel  to  BC,  we  determine  BO,  the  force 
exerted  at  B  by  the  action  of  AD  at  A.  In  like  manner, 
making  S  /  equal  and  opposite  to  S «,  we  determine  the 
exerted  contractile  force  S  t,  and  protrusive  force  S  k. 
Make  B  n  =:  Sit,  and  no  parallel  to  BC,  we  get  the  force  B  o 
exerted  at  B  by  the  action  of  S  «  at  S.  Thence  we  leajm 
that  a  force  BE  equal  to  the  sum  of  BO,  and  B  o  will 
balance  the  forces  at  A  and  S,  and  thus  obtain  the  ratio 
of  the  exerted  forces.  We  also  learn  the  force  at  C  by 
iDaking  CP  and  CQ  equal  to  AI  and  BM  respectively^ 
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udCj^MidCf  equaltoStMidBm.  Then  fmnlag  iht 
imralMognuas  CPRQ  and  Cp  r  f,  aad  ditiwiag  tbo  duiP- 
gonals  CR  and  C  r»  nd  makivg  them  the  aides  of  another 
l^ralleksmm  CRVn  wt  draw  the  dtagwal  CV.  CV  it 
the  force  exerted  at  C  hj  the  action  of  the  three  foreet  al 
Jk^  B,  and  S»  and  C  v^  equal  and  oppoeite  to  C V,  is  tlie 
external  force.  Thas  is  the  ratio  of  all  the  forces  deter* 
mined.  All  this  is  evident  fvoas  §  800^  and  the  composi^ 
tion  of  forces. 

328.  Supposing  perpendiculars  from  C  on  each  of  the 
InesAI^  BE»  anidSr,  and  representiag  them  by  the 
ajmbols  a»  &,  and  t,  it  is  plain  thi^  ADxa  =  BQx*^ 
and  S  «  X  8  =s  B o  X  ft,  and  therefore  BO+Box&,  or 
BB xi s:  ADxsE 4- 8 sx  6.  This  equation  aaay  be  coni- 
sidered  as  expressing  the  equalitj  of  the  rotatire  moment 
tarn  rornid  C  of  the  force  BE  to  the  combbed  nMinenta 
fsTADandSs. 

If  the  two  directions  AD  and  8  s  interseet  in  anj  point 
6,  and  if  the  forees  are  q>pUed  at  that  point,  thejr  wiB 
itare  the  same  rotative  ntonentmn  bm  when  apfriied  at  A 
and  8.  For  the  perpendieulan  from  C  on  their  direo- 
tidns  are  not  changed  by  changing  the  points  in  the  lines 
(rf  direction  to  whidh  they  are  applieiL  Therefore,  if 
instead  of  api^ying  the  foroes  AD  and  S^  at  6,  we  apply 
this  equiyaient  G^,  tiie  effect  should  be  the  same  also^ 
einoe  it  is  indiffisrent  to  what  point  in  the  Kne  of  its 
daneetion  the  force  be  applied,  this  equiralent  may  be  ap- 
pBed  to  any  poini  of  the  line  G  g*  IL  Nay,  what  is  not 
ao  obrioes,  if  the  forces  AD  and  8  s  are  jointly  applied 
to  any  pobt  of  this  line,  the  equilibrium  with  BE  x  i 
•rill  still  obtain. 

For  let  ABDB  ^.  7.  be  a  paraUelogram  baring  BE 
for  its  diagonaL  From  any  pobt  C  draw  perpendicnlars 
Cd,Ca,andCr,  onthe  sides  BD,  BA^  and  the  dai- 
gonal  BB;.draw  CL  parallel  to  DB,  CEF  parallel  to 
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DR,  ui  CIH,  BO,  Md  DK  |Mr*lIel  to  BR,  mecAiag  die 
VMrfleb  CL,  BD,  and  AR,  in  K,  S,  I,  F,  H.    Wtliave 
BRx  Cr=sBRHI 
BA  X  C«:t=BAPE,  sBROE 
DB  X  C4»LBDK 
imt  LB,orCI   :  IE  s=BR  (or  IH)  ::  BD 

CI  X  BDs=IHxIB 
wd  LBDKsEGHI 

therefore 

BAxC«^BDMd=sBRGE,-t-BOin,  sBRHI^  ssBRxCr. 
aa».  The  reader  will  dodbOess  pereeiTe,  that  if  thevB 
lie  any  iiiimber  of  peiots  befoad  C  te  which  extenuil 
forces  are  ayylied,  tb«  saaw  proeeia  maj  be  foNowed  for 
•joprtawiing  tfae  pertion  of  the  wlieb  foroe  BE  wliieh  is 
la  eqoilibrio  wMi  each  of  then.  Therefcre,  etmynndif, 
it  ascertalDsihe  force  eseited  in  those  diffiereai  peinto  bf 
the  action  of  an  extenial  force  nt  B. 
•  We  also  mmy  pevceife  that  We  ^^an  alwagrs  redbee  the 
forces  in  eqollibrio  with  BE  to  one,  by  continning  their 
-directions  lill  they  iatenect,  and  euppoang  their  e4ttiFa- 
lent  force  applied  at  the  point  of  intersection.  Having 
dbne  this,  we  may  svppose,  instead  of  BE,  any  number  of 
foroes  ai^lied  to  pomts  on  the  same  side  of  C,  and  in 
equilibffio  with  the  equivalent  of  aU  the  forces  applied  on 
the  ether  side. 

To  do  tins  in  dklail  would  be  a  tedious  psooess.  But 
the  reader  nrast,  I  apprehend,  see  by  this  time,  that  when 
4he  eipiilifarium  obtains,  we  diall  hare  en  equation  ei>- 
tpressing  it,  and  containing,  on  one  side,  the  snm  of  the 
products  of  each  foroe  tendhig  to  turn  the  body  in  one 
idirection  by  the  perpendicuhur  from  C  on  the  line  of  its 
4irBction ;  aid:  en  the  other  side  an  equal  sum  of  similar 
larodoets  for  the  ffoross  whicfa  tend  to  turn  the  body  in  the 
iwntntfy  direction. 

JLosl^,  fiince  we  saw  that  wlien  there  were  only  two 
forces  AD  and  BE^  fig.  4.  the  direction  of  the  force  at 
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■C  passed  through  the  inters^ctito  T  of  AD  And  BE;  (it 
all  i^ere  parallel^  and  that,  in  either  case  CF  was  equal 
and  opposite  to  the  equivalent  of  AD  and  BE,  it  foUaws 
that  we  can  Alwajrs  reduce  the  most  complicated  case  to 
that  of  two  eqiial  and  opposite  fortes* 

Hitherto  the  directions  of  All  the  forces^  and  also  Ihfe 
points  to  which. thejr  ai'e  applied^  have  been  supposed  to 
lie  in  one  and  the  same  plane^  But  a  body  may  be  at 
once  impelled  in  numberless  directions  in  different  planes, 
.and  the  points  of  application  taaj  have  any  situation  on 
the  surface  of  the  body.  We  must  endeavour  to.  simplify 
.the  consideration  of  this  complicated  case^  This  will  bfe 
done  by  the  help  of  the  following  proposition* 

S90«  Let  any  number  of  external  forces  be  applied  to  a 
Aolid  body^  in  atiy  points^  and  in  any  directions,  and  let  all 
be  in  ^uiUbriOi  Let  a  plane  pass  through  the  point  to 
which  one  of  them  is  applied,  and  let  all  the  forces  be  r^ 
diiced  to  that  plane^  in  the  manner  described  ilnder  dy- 
namics* Then  I  say  that  these  reduced  forces  are  such  dn 
would  be  in.  equilibrio  were  they  applied  to  their  respec- 
tive points  in  that  plane. 

Let  A,  B,  C,  (fig.  8.)  be  three  points  of  •  body  to 
which  external  forces  are  applied.  Let  the  point  C  be 
supposed  to  lie  in  the  plane  of  the  papery  but  the- points  A 
and  B  to  be  above  that  plane,  in  the  air.  Suppose  the 
forces  AD  and  BE  to  have  their  directions  in  the  plane  of 
the  triangle  ABC,  and  construct  a  figure  ezjH'essing 
the  excited  forces,  in  the  same  way  as  was  done  in 
§  3274  Let  this  6gure  be  orthographically  projected  on  the 
plane  of  the  paper^  by  drawing  perpendiculars  A  a.  It, 
K  A:,  Ir  /,  &c.  from  every  angle  to  the  paper.  We  shall 
then  have  its  orthographic  projection.  The  reader'*s  ima» 
gination  may  be  assisted  by  .supposing  the  original  figure 
to  be  made  of  wire,  and  to  have  its  point  C  on  the  papee, 
but  all  the  rest  above  the  p^r,  except  the  line  CF» 
which  goes  through  to  the  under  side.    Now  let  the  papel? 
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be  so  Iieid  that  the  sun  shines  peritendiculArlj  on  it  The 
wire  figure  will  cast  a  shadow  on  the  paper,  which  will  be 
its  accurate  orthographic  projection.  This  is  represented 
by  fainter  lines.  The  triangle  ACB  has  aCb  for  its 
shadow,  /it  at  is  the  shadow  of  the  parallelogram  LKAI, 
Cprf  is  the  shadow  of  CPRQ,  and  C/  is  the  projection 
€>f  CF,  being  the  continuation  of  r  C,  which  is  the  shadow 
of  RC; 

Now  since  this.projeetion  is  made  bj  lines  perpendicu* 
hr  to  the  paper,  and  therefore  parallel  to  one  another^ 
the  plane  A  a  ^  K  is  parallel  to  the  plane  1 1  /  L,  and  the 
plane  A  a  £  1  is  parallel  to  the  plane  K  ^  /  L.  (EucL  xi«  15.) 
Therefore  the  intersections  /  i  and  k  a  with  the  plane  df 
the  paper  are  parallel  (Eucl.  xi.  16.).  So  are  the  inter- 
sections a  t  and  kl.  Therefore  tkai  is  a  parallelogram. 
So,  in  like  manner,  itmbno.  Also,  because  AK  ==  BN, 
and  the  lines  Efr,  A  a,  Bi,  Nn,  are  parallel,  we  hare 
ka^bfL  Therefore  it  is  demonstrated,  in  the  same'  way 
as  in  $  326,  that  if  perpendiculars  C  g  and  C  A  are  drawn 
from  C  on  the  directions  a  I  and  b o,  we  shall  have  alx 
Cg*  =  ft  o  X  C  A,  and  the  two  forces  la  and  o  b  (which  are 
the  fortes  LA  and  OB  reduced  to  this  plane,  and  applied 
at  a  and  at  b)  are  in  equilibrio^  or  have  equal  rotative  mo^ 
menta  round  C. 

It  is  evident  that  we  may  proceed  in  the  same  way 
with  any  number  of  reduced  forces  that  we  have  done 
vrith  forces  originally  acting  in  the  plane  of  the  paper,  by 
which  means  the  proposition  is  demonstrated, 
t  There  is  no  occasion  to  consider  the  forces  which  are 
^perpendicular  to  tbb  plane.  For  the  body  being  supposed 
in  equilibrio,  the  forces  are  such  as  would  be  in  equilibrio 
in  any  direction,  if  all  were  applied  to  one  point.  There^ 
ibre  tbey  would  be  in  equilibrio  if  all  were  estimated  in  a 
direction  perpendicular  to  this  plane ;  and  tberetbre  the 
sum  of  all  the  forces  acting  in  one  direction  would  be 
equal  lo  that  of  the  forces  acting  in  the  (>[^osite  direction^ 
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tdfhat  no  moiin  w3I  ensw  ftom  thole  perpteAieufaif 
fonsetalmtf. 

FruB  this  proposition  nwy  be  dediued  a  corollarj  ez^ 
pretting  a  remarluble  ^pert^  of  tiie  centre  o£  potb- 
fioo. 

3S1.  If  tbere  bcr  applied  (0  eveiy  |>aiitide  of  a  eolil 
body  an  equal  and  parallel  &rce,  and  if  a  farce  equal  to 
thdr  sum  be  applied  in  the  opposite  direction^  iti  a  lilia 
passing  tbroi^  the  eentee  of  position^  ail  ^ill  be  in  equi« 
Hbrio.  The  body  «riU  netther  be  tte^ed  out  of  te  frfacev 
nor  will  it  change  ita  aMitddc. 

Let  ?  (8g.  a)  be  the  eemrtf  df  fMitiari  of  a  solid 
Indjr,  and  EQWH  a  eeotian  of  the  body  bjr  a  plane  passing 
thMsgh  the  centre  of  poniioa  ih  a  dkeetian  paraltel  tir 
that  of  the  fioraea.  Btfppose  a  ^broe  applied  to  a  particle  A 
inHoM  pianc^  Ktkig  in  Ihe  dtDcctioa  A«»  and  hi  A«  also 
ffcpoesent  the  intensify  of  tUs  force.  Let  tbe  line  FE, 
paraQd  to  A«)  pum  thrrngb  P.  Then  this  line  maj  roi^ 
present  the  section  of  the  plane  EOFH  by  andther  plana 
perpendkolar  to  it.  In  iike  nanner,  let  the  other  partS* 
des  B»  C)  D,  &c  in  the  ptaae  EGFH  be  actuated  by  forced 
B^  C»,  Dh  i^*  ^  eqaal  and  parallel  to  A*.  Let  the 
mme  be  sappoaed  of  eterj  other  particle  of  the  bodjr^  both 
those  that  are  above  the  plane  EGFH  of  tbe  figure  and 
that  belav^  it  From  eveiy  particle  let  perpendicalare 
Aa,  Biy  C e*  Dif,  Ssc«  be  drawn  to  Ihe  jAane  which  dote 
the  phne  EOFH  in  the  line  £F  perpendioularly.  Metw, 
let  all  the  forces  A«y  B/i,  &c.  with  Ihdr  pcependicidars 
Aa,  Bt)  Itc  be  ostfaogra^^iicallj  prcgeeted  on  the  plane 
]£GFH«  in  the  manner  described  in  tbe  last  proposHimi. 
The  slightest  ooneMeratlon  will  shew  He  that  Ihe  project 
tion  or  sbadow  of  each  line  representing  a  force  nnist  be  a 
line  eqnal  and  parallel  to  it^  andtherefare  eqasd  and  pa^ 
raHei  to  A  *  or  B/s*  be.  Also  the  perpeadieolar  drawii 
from  the  particle  to  tiie  upstanding  plane  4s  pveeisely  equal 
to  ita  projections  wtiieh  ie  alio  perpendic^ar  to  EP. 
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^berefor&tlie  turn  of  all,  or  dfaqjp  ptfceiiOfitile  pe^ptii- 
dicolara  to  tbe  ufMUadiiig  pbuie^  k  eqiul  to  theaoifiof . 
all.  the  conrespoiidkg  projedtioii^  pttpendloalsr  ia  BF. 

Npw^  becaote  aU  tbe  ffircta  arti  parftlkiy  lUfd  tbcin  sum 
is  equal  ta  theforoe appliad  tO'  midq  pqtnt  In^tfae  lii|e  EB^ 
in  the  diitatiaB  VEi  thcjr  wooU  bakneei  if  appliedi  afl 
to  tlie  lame  potot  l^fa^reforfrthebody  wlQ  inot  be  isof«d 
o|it  of  Its  place.  Moreover,  since,  bf  the  fprOfMrCy*  of  tht 
centre  of  pOBitioftt  the  sum  of>  all'  the  peppendiculan-oa 
one  side  of  F£  ia  oqoal  to  the  $um  <if  til  ihote  on-tbe 
otiier  sidcy  and  tk6.CaroB»ace  all  equals  ttMkMPi&tiiat  thf 
anm  of.aU.the  pradacta  of  U10  foctei  bf  tbeirperpeadioiu 
lar  distances  (eobl  tbcUne  FE  dta.  one  side,  keqnalito  Aa 
anmof  sioiitaa  ptadacts  on  theotber  aide*  Then*  ooto* 
Urn  nomeoto  ate  themfiwe  equal,  or  tfaey  balance  eack 
e^er^  andtfae  bodj.  baanoteDdencjftto  clanige  itr  attitiaku 
M  motion  i&  tlnDefora  atof^ed^  wlialher  prognMitoei^ 
^olat«re«. 

Notc^  that  (he  oomfrfeto  cquilibriiim  nfquirelB'  ttet  the 
tine  of  dttBCtion  of  tbe'sianle  opposing  iovae  fm^ihvm^ 
tiie  very  eentie  of  posiitien,  beoaiise  it  i»  diaa  enljr  tliat 
we  rinll  hare^the  elpiali^  of  the  snms  of  ihrperpendiae* 
lacs  on.  the  tfnp  sides  of  ceerf'  planer  that  cnn  be  dmmi 
thiDtiglL  that  line  of  darectian.  Should  the  Kne  of  diiec^' 
iion  be/e,  %&  aUiiongh  slid  tompiane  passidg  thMngfa  li, 
the  rotati  w  motoeotum  00  the  side  e  Uf  wilLeaBoeed/  that 
enthe  side  e<i;^  and  the  body  will  Uum  intkm  dkectien 
eB/ 

It  is^an  otivioasTiilfeieiiee  flnttt  this  {Mj^fosttioif^  thet^Sf 
a  heavy  body  be  supported  hf  a  nngle  point  in  the  vei^ 
<a1  tine  iiassittgtthroiigb  its  e^  iheny  tmo. 

The  fevee  wbldi  thMMf^t^  the  body  acts  dimtly  op- 
wapds^  iwd  liiieqiiatto  ther'agg^gele  or  sumof  Ihe^fcdgh't 
efeHtiiepartieha»9  mi2do4  The  body ' t*ffl  hav^  no tM« 
deney»to4eiii'Umard#edy  side. 

For  the  ii9df  oiey  be  conceived  Hi  haifiii|^evefy'piilfti« 

VOL.  u  y 
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pftrkkdur  vidii^citgr  in  id^  whole  aww,  oik)  AeezpeiiditQW 
{Hint  b0  so  npuAith^  gceater^  ag  the  numb^  of  pariick». 
miiAted>  U^  motion  it  gjefti^,  Tlie  quantity  of  piotioa. 
ffo^ufifii  deptpdft  ihenefere  09  Ihd  foroe-  employeid,  and* 
tl^^  y^oci^  geqer^ted  depemts  also  00  the  ina^e  of  ther 

1|P451II0¥^ 

^  hm^  NenrtoQ-  if^w  the  nec^etaity  of  »  dittinctim 
b^livvfBii.ffif^ntfiM^^,  or  m^riog  fiiroe^  wd  the  vu-o^t^ 
k^eifixi  xxr  acciAein^gtoree.  TIie  first  is  meaaiMred  t^ 
tbf^qiwmt)i  of  iqotioa  pradneed  or  changed,  hy  it>  ap^ 
the-lwlrbyv  tfe^  vWodty  generated* 

Ther  fiipt:  olisei^atiqfi  of  nioceeiit  on*  iiMYmy^oS^  pro^ 
4|Myiifl^  meit|o9|  i%  lluitif  an  e^^tem^  force'  aft  on^  i| 
imIiI  b^d^  li^afUee  pti^iog  through  t|s  eeotie^of  pw^ 
tjon  opr  gnm^j,  it  iriU*  produce  a  mpUon  of  the  wh«l« 
body,  in  its  own^  4k^t|o^,  every  pwti^de  advendng 
4i|^e«  iHi4  ttwcftir^.  without  ^qjr.  roitf^liw  or,  chwgl^of 
attitjdide. 

^9ii|3  l^.|^.e3Epresa.the.niegiiitMde  of  the  moving,  forpei 
%|^!^;l%  the. number  oif.  paitides.  in.  the  body  to.be  m<iye4 
^i^    \t, ii*Fllm»  Iv  the^ Mproiioeitiom,  that; if  i| fon^ 

ss  J|:^   or  the  m^.  part  of  p,  be  applied'  to  each  par- 

ii^  upr  the  opposite  difef^iWk  att  will  he  in  eqniUhriOi 
Ke«f'Sji(iffioff%the^ibflee  p  to  beannihiletedi in  an  inatant* 
It  i%  plein  thei(<  the  hnwty  wiU  inwedietejiy'  begin  to  me^TO 
intbedireetioQoppv^eitodiatroif  theferee  p^  md  theH 
«<^ery  pirtiqlii  wiH  Qiei^^alilEe^  beus^  eaob  inapisQed  by  M 

equal  Sotrce  -£•*.  just  as- a  heavy  body  falls  without  chang- 

ing  its  adtitikle^  idl  paiia  being  eqnidly  acted  oa»    By  the 

con^nued  action  of  the  fo;^e  —  on  evefy  particle  duriD^ 

iome  given  time^  a  ateond  for  exampK  every  partick 
aequiresdie  vehHsity  v  ht  the  same  direotKnii  The  whole 
^pMolity  of  motion^  therefbf%  will  be  ei  v>  the  esuef 
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«i«Mil«  of  fhe*  f<Me  Tf  iAath  hsSiA  the  body  ih  ]^. , 
Kbrio. 
SM.  Suppose,  on  the  i:^er  hand,  diat  dl  the  httH 

^  are  amiihilated  in  an  instafit^  while  p  U  pnewing  tbe 

body  in  its  pfc^r  direction.    Er<Br)r  f^iticle  is  pits^^  Ih 

.Out  diractifm  wilh  the  foree  ^;  for  aU  waa  iii  e^iiitt- 

brio  when  the  exUmal  forces  —  were  applied  to  eacb 

nt 

particle.    Each  was  therefore  opposed  to  an  equal  and 
4)ppoale  foroe  •£-•    These  fonces,  exdicd  faf  the  force  #» 

911 

iniist  now  act  alone,  and  will  produce  the  same  motion, 
hut  in  the  opposite  direction,  that  was  produced  by  thh 

external  forces  — ,  nrhen  the  Cmwii  was  imnoted*    That 

fl,  by  the  tuition  of  those  equal  excited  forces,  evefy  par- 
iiofe  will  begin  to  ihovein  the  <]brectionof  the  fot«e  p% 
and  will  acquire  the  velocity  o ,  if  jp  continue  to  act  on 
that  body  during  a  second,  and  the  whole  4iuantlty  of 
motion  ivill  be  m  V,  the  proper  measure  of  the  force  |k 
TTbetolrces  actually  exerted  in  the  difTerent  particle^  are 
not,  strictly  speaking,  all  equal;  for,  on  the  contrary, 
Ihe  force  e^ceited  in  the  particle  to  which  p  is  immedi- 
Mely  applied,  is  equal  to  the  whole  force  p.  fiut  by  far 
the  greatest  part  of  the  force  exeHed  in  it  is  employed  in 
pressing  the  pftfticles  With  which  it  is  immediately  cohe« 
Kttt,  sofficietatly  near  to  the  particles  beyond  them  fot 
exerting  the  necessai'y  forces  in  them,  to  be  'expended  in 
Uke  fnnnner  in  pressing  those  still  more  remote;    and 

ihere  remains  only  a  portion  -^^  sufficient   €^.  giting 

thii  pttftide  the  telocity  v.  This  Will  appear  very  di- 
Iftinttly,  by  Considaring  backwards  frott  the  most  remote 
Mies  <tf  {Miicles.    These  receive  only  as  much  pressure 
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as  suQices  for  gimg  t)iem  fhb.  v^ocity,  ap^  tjb^j  react  is 
much  on  the  penult  series.  The  particles  of  this  series 
receive,  each  of  them,  a  pr^ssiire  sufficient  fof  balancing 
this  reaction,  and  a  pressure  sufficient  for  giving  them 
the  velocity  v.  Thus  each  series  in  succession  sustains 
mQre  pressure  as.it  is  nearer  to  the  particle  acted  op  hj 
the  force  /9.  But  in  every  particle  there  is  an  overplus  of 
force  sufficient  for  producing  the  velooky  e.  There  is  no 
mystery  or  intricacy  in  this.    For  it  b  this  overplus  alone 

that  was  the  balance  for  the  forces  —   tliat    we   at  first 

m 

supposed  to  be  applied  to  each  particle,  and  to  be  all  ba^ 
.lanced  by  the  force  p.  ^ There  was,  in. that  case,  the  9^w^ 
serieses  of  forces,  greater  and  greater  as  we  approach  tbp 
point  to  which  p  is  applied ;  but  thes^  are  all  employe^ 
in  connecting  the  particles,  and  keeping  them  in  that 
«tate  of  strain  that  is  necessary  for  the  excitement  of  that 
force  in*each  particle  which  immeduUdy  balances  the- ex- 
ternal force  ~  applied  to  each.    All  these  connecting 

forces  vanbh,  or  cease  to  act,  the  instant  that  tbe  force 
p  is  annihilated,  and  the  body  moves  with  the  velocity  f  * 
Por,  in  that  instant,  the  strain  being  removed,  the  par- 
ticles all  resume  their  natural  distances,  in  which  they  ar^ 
inactive,  and  the  body  continues  to  move  with  the  v^lor 
city  ^Irea^y  acquired.  This  indeed  is  not  strictly  true^ 
because  when  the  particles  spring  back  to  their  natural 
distances,  they  commonly  overpass  them  a  little,  as  a 
pendulum  let  go  from  an  oblique  position  does  not  stop  at 
its  natural  position  in  the  vertical,  but  passes  tQ  the  other 
side,  and  oscillates  some  time,  till  it  is  brought  to  rest  by 
various  obstructions.  The  particles  of  the  impelled  body 
do  the  ^me  thing,  and  vibrate  a  Kttle  on  each  side  of 
their  natural  places^  till  this  ceases,  ^y  the  imperfectioi( 
of  their  elasticity.  That  this  is  really  the  case,  may  be 
fsasily  perceived  by  striking  away  a  small  bell  or  oti\% 
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elastic  bodj.  It  may  be  beard  ringing  all  fhi  wbile  it 
flies  through  the  air.  It  may  sometimes  be  more  dis^ 
tinctlj  perceived  in  a  child^s  plaything  whieh  imitates  a 
mouse  jumping  out  of  a  box.  If  this  be  so  placed  on  the 
floor  as  that  the  mouse  springs  out  along  the  floor,  the 
^iral  wire  that  is  attached  to  it  will  sometimes  be  seen 
to  expand  and  contract  several  times  as  it  runs  along  the 
floor. 

The  other  circumstance  to  be  observed  in  this  motion 
is,  that  ijb  is  merely  progressive,  without  any  rotation, 
This  must  be  the  case,  since  every  particle  has  the  same 
velocity  v,  no  one  gains  upon  another,  and  therefore, 
whatever  position  or  bearing  they  have  in  the  beginning, 
they  retain  it  during  the  whole  motion.  The  same  pro- 
gressive motion,  free  from  all  rotation,  will  be  produced 
if  the  equivalent  of  any  number  of  forces  be  in  a  line 
which  passes  through  the  centre  of  position.  For  a  force 
equal  and  opposite  to  diis  equivalent,  and  applied  in  a  lin^ 
also  passing  through  the  centre,  will  balance  those  forcesi 
Let  the  intensity  of. this  equivalent  be  p,  and  let  m  be 
the  number  of  particles  in  the  body.     Then  if  a  forc^^ 

—  be  applied  to  each  particle,  they  virill  balance  this 

equivalent,  and  be  balanced  by  it.    The  effect,  therefor^, 

of  the  primitive  external  forces  being  equal,  and  opposite 

to  the  force  />,  which  balances  their  equivalent,  and  this 

P 
being  equivalent  with  a  force  equal  and  opposite  to  — 

applied  to  each  particle,  the  effect  of  the  primitive  exter- 

pal  forces  is  to  impress  this  force  —  on  each  particle,  and 

911 

therefore  it  will  cause  the  whole  body  to  advance  alike, 
without  rotation.  It  is  very  obvious  that  this  permanent 
attitude  is  peculiar  to  this  case.  For  if  the  same  force, 
acting  in  the  same  direction,  be  applied  in  a  line  which 
passes  on  one  side  of  the  cientre  of  position  of  the  body,  it 
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il  evident  rHialt  tbet  «ide  IriU  adraaoe,  in  the'tery  H^gaw 
oaig  of  Ibe  fltkotkaiy  feater  tben  the  other.  The  body  wiU 
Ihecefo^e  btfth  miwmee  and  ttoi  round.  It  is  also  ob* 
frioiM  diat  (this  will  be  Hie  most  igeneval  result.  For  an 
Motion  in  aline  patoing  through  the  centime  is  but  one  of 
millions  of  caaea.  Acoordinglj,  it  is  Very  rarely  diat 
progressive  molion  is  not  donsbined  with  a  motaoo  of  re^ 
tation.  In  the  great  moTements  of  Nature,  the  celestiid 
mdthns^i^  see  those  two'  kinds  of  motibii  alirays  con- 
joitted.  All  tlie  planets  on  whioh  observations  can  be 
snade,  turn  roilnd  their  axis  while  ihcy  vevolve  round  the 
^un  or  other  centhd  bo^f  A  stone  thsown  from  the 
baddy  'ft  bonib  or  cannon  ball  £mn  the  tnuczle  of  <he 
jHece,  are  always  obaeryed  to  whir)  as  they  ftjr.  It  r^ 
jquires  particular  contrivances  to  prevent  this  wlien  in* 
Mnvenieiit  On  the  other  hand,  this  motion  of  rotation 
imng  subject  to  fixed  principles,  we  oan  modify  it  so'as 
to  suit  any  purpose  we  may  have  in  view*  This  wiU 
come  under  coosidleratioo  by  and  by;  and  in  the  mean 
iikne  we  proceed  With  the  remaining  drcnmstances  df  pro«> 
firessive  Aiotion,  as  lionfaected  with  the  foree  employed. 

335.  The  quantity  of  motion  produced  hy  the  action 
of  a  force  was  taken  for  the  measure  of  that  moving  foree, 
.upon  every  ground  pf  g<^  argument  (See  Dniaincs.) 
Jf  any  force  be  necessary  for  giving  a  certain  motion  to  a 
jpubic  foot  pf  matter*  aa  much  is  surely  neqessary  for  givs- 
ing  the  same  motion  to  ahpther  cubic  foot.  Therefore  it 
}s  most  reasonable  tp  call  that  a  double  force  which  gives 
.the  spme  motion  to  a  dpuble  :quantity  of  maaer.  The 
observations  which  have  been  made  on  the  way  in  which 
force  applied  to  pne  part  pf  a  firm  body  produces  motion 
in  the  whpl^  perfectly  agvfes  with  this  suggestion  cf 
pommon  sensp,  and  eyoi  confirms  ft,  by  shewing  how 
those  sensible  pressures,  which' we  call  moying 'fpraesi 
#rise  sometimes  from  the  combined  action  of  ncceleratiug 
foTff§,  such  as  gravity  and  rwagaet^fliB,  'wbpse  MtMm  on 


Digitized  by  VjOOQIC 


^icli  iMm  18  InsensiMe.  TJbe  ^ttslble  presriire  oF  amiast 
of  lefli^,  tided  as  the  moving  force  acting  on  alnadlrine,  it 
UsiiaHy' ebnsiflered  as  th^  aecum«kitea  gravitafion  of  eyerj 
{mrtide.  But  we4)rave  «eoo  that,  aithongh  it  be  equal  to 
4he  sum  i6f  those-  graritations^  it'  is  reallj  l9ie  corpnsctrlar 
T^fnilli^n,  or  something  similar,  t)f  the  touching  paits  t>F 
ike  machine  arid  weight,  exerted,  or  brought  into  acthm 
by' the  compression  occasioned  bj^ihe  heaviness  dP  each 
'partide.  And  we  have  seen  how  this  mutual  action  comes 
to  be  as  preciselj  measured  by  the  number  of  particles  of" 
another  body  which  it  puts  into  motion,  and  the  velocitj 
generated' in  each,  as  the  action  oF  gravity  an  the  weight 
Itsi^ls  so  fneasured.  In  6fltor  cases  of  moving  forces^ 
aaeh  as  that  of  a  spring,  it  cannot  'be  measured  in  any 
lotber  way.  The  sensible  pressure  of  a  spring  is  not  the 
Accumulated  elastic  force  exerted  by  every  partide  of  the 
Spring.  *^bese  elastic  forces  are  only  exerted  lyetween 
the  partides  of  the  spring ;  and  they  are  probably  not 
knuch  inferior  to  the  sedsHile  pressure  of  the  spring  on  the 
"body  moved  by  it.  The  sum  total  of  these  is  probably 
Immense ;  but  it  is  unknown  to  'us.  This  moving  force 
wnnot  be  measured  in  any  other  way  than  by  the  motion 
produced  by  it  But  aKhovgh  the  force  of  a  spring  must 
tiot  'be  considered  as  the  sum  of  the  elasticities  of  the 
particles,  it  is  still  their  combined  action.  The  spring 
n^ust  unbend  tlnrough  some  sensible  space,  ihUt  it  may 
foUbw  the  yietding  body,  continually  accelerating  it,  till 
the  velocity 'becomes  sensible.  This  could  not  be  effected 
4>y  the  elasticity  of  the  touching  parts  alone;  their  ut- 
ibiost  indtion  is  not  the  millionth  of  the  millionth  part  of 
aii  inch,  and  would  be  instadtly  at  an  -eiid  by  the  yield- 
ing of  the 'body.  But  ^ach  particle  moving  a  little,  the 
tfttd'of  the  spring  is  urged  over  a  sensible  space,  and  pro- 
^ces'its  effect.  We  have  a  clear  evidence  of  this  intei'-* 
nalint»tton  of  compression.  'H ^e  strike  off  any  sonorous 
^i»pdy,  aoch  as  a  metal  plate^  vr  a  bell^  by  a  smart  'bloW^ 
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we  shaH  hear  it  riagiog  all  the  while  it  flies  througfa^th^ 
air.     Its  particles  were  compressed  in  succession,  till  the 

^  whole  was  put  into  motion,  and  quitted  the  body  which 
impelled  it,  and  then,  springing  back  to  their  natural 
distances  from  each  other,  they  oYcrpassed  them*  as  a 
pendulum  let  go  from  an  oblique  position  passes  the  ver* 
tical'  line  which  is  its  natural  quiescent  position.  Just  so 
the  particles  vibrate  for  a  while  on  each  side  of  their  na#- 
tural  positions,  till  this  motion  is  extinguished  by  their 

*  imperfect  elasticity. 

S36.  Thus  it  iqipears  that  the  force  of  a  spring,  b^ 
which  it  can  put  other  bodies  in  sensible  motion,  is  not 
the  sum,  nor  equal  to  the  sum  of  the  elastic  forces  exerted 
by  each  of  its  particles,  although  the  joint  action  of  them 
all  ia  necessary  for  the  ostensible  effect.  It  is  only  in 
such  cases  as  gravity,  magnetism,  and  others  which  we 
call  attractions  or  repulsions,  that  the  ostensible  effect  is 
at  least  equal  to  the  sum  of  the  forces  acting  on  each 
particle.  Both  kinds  of  moving  forces  are  measurable  by 
the  motions  which  they  produce.  And  it  may  be  observe 
ed  here,  that  the  perfect  agreement  between  the  measure 
of  gravitation  by  considering  the  weight  or  pressure  of  a 
heavy  body  as  the  sum,  or  at  least  as  equal  to  it,  of  the 
gravitation  of  each  particle,  and  by  the.  motion  which  this 
weight  will  produce  in  another  body,  is  a  proof  of  the 
{>ropriety  of  the  Cartesian  measure  of  the  force  of 
moving  bodies.  Were  we  to  suppose  this  force  pro* 
portional  to  the  square  df  the  velocity  produced,  we 
should  be  led  into  numberless  paralogisms,  as  any  one 
will  perceive  by  the  example  already  given  of  ^the  body 
dragged  along  a  horizontal  plane  by  another  hanging  bj 
a  cord.  If  we  measure  the  force  by  its  action  in  equal 
times,  and  this  action  by  the  quantity  of  motion  generatr 
ed,  we  shall  find  it  always  the  same,  as  we  have  every  rear 
^on  to  think  that  it  is.  The  weight  of  the  hanging  body 
fs  ^he  sole  moving  power,  and  it  is  always  the  sam^ 
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Whea  U  is  emplojed  to  give  motion  to  twice,  or  thrice, 
or  four  times  as  much  maUer,  including  its  own,  it  gcr 
nerates  ^,  |,  or  \  of  the  yelocit)",  and  always  produces  the 
same  quantity  of  motion.  But  if  we  measure  the  force 
by  the  square  of  the  velocity,  the  action  diminishes .  in 
the  same  proportion  that  we  increase  the  quantity  of 
matter. 

The  values  of  the  generated  v^ocities  may  also  b^ 
considered  as  the  accelerative  powers  of  the  forces,  in  the 
circumstances  of  their  employment  The  powers  them- 
selves are  generally  known  to  us  as  pressures,  or  as  soli- 
citations to  motion,  and  must  be  previously  known,  other«- 
wise  we.  cannot  use  them  as  terms  of  any  proportion. 
They  must  be  estimated  by  some  measure  of  the  same 
kind.  We  can  compare  the  moving  force  of  a  bow  with 
the  action  of  gravity,  by  observing  what  weight  will  draw 
^e  bow. to  a  given  height,  and  cpmpare  this  weight  with 
the  weight  of  the  arrow.  In  the  same  way  we  can  com- 
pare th^  attraction  qf  a  magnet  with  the  force  of  a  stream 
pf  windy  by  balancing  both  by  weights,  and  comparing 
the  weights.  But  we  cannot  compare  the  impulsion  of  a 
moving  l^ody  with  any  thing  but  another  impulsion.  By 
-attempts  to  compare  impulsion  with  pressures  of  any 
kind,  mechanicians  have  been  led  into  many  puzzling 
difficulties.  The  comparison  mentioned  above,  of  the 
attraction  of  a  magpet  with  the  force  of  wind,  may  be 
thought  contrary  to  this  assertion.  But  we  shall  see  that 
what  we  experience  as  the  forc^  of  a  stream  of  wind  or 
water,  is  not  an  impulse  but  a  pressure,  accurately  com- 
parable with  other  pressures. 

337.  It  only  remains  farther  to  be  noticed,  that  in  th^ 
preceding  observations  on  the  action  of  forces,  we  always 
mean  to  speak  of  the  absolute  pressure,  energy,  or  strain 
really  acting  on  the  body.  It  is  frequently  necessary  to 
distinguish  this  from  the  whole  force  residing  in,  or  some? 
bow  attending  the  aubstanee  employed  as  the  yehicif  of 
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€li«  power  Thas,  fti  the  cfxample  alreddy  faOuA^d  to 
tm  ^veral  occasimls,  the  whole  gravitation  of  the 
hanging  body  seems  to  be  employed  in  dragging  tfa^ 
equal  body  along  the  table.  Bat  the  thread  is  only 
•stretched  by  half  of  its  weight  For  it  still  descends  with 
liair  of  its  natural  velocity,  and  it  only  generates  this  half 
velocity  in  the  other  body.  If  there  be  any  difficulty  ill 
conceiving  this,  it  will  become  clear  by  comparing  it  with 
11  case  precisely  similar,  but  which  we  conceive  differently. 
'A  magnet  attracfo  a  pennyweight  of  iron,  and  in  a  minute 
-generates  in  it  a  certain  velocity.  Add  another  penny- 
weight of  iron,  and  the  piece  of  twice  the  weight  and 
bulk  wfH  acquire  the  same  velocity,  just  as  a  piece  d{ 
two  pounds  weight  falls  as  fast  as  a  piece  of  one  pound* 
Sut  join  to  the  pennyweight  of  iron  a  pennyweight  of  bras8» 
and  the  magnet  will  generate  but  half  of  the  velocity. 
Here  the  same  tendency  of  the  iron  toward  die  magn^ 
hea  to  drag  along  with  it  a  mass  which  is  without  any 
tendency  toward  the  magnet,  just  as  the  heavy  body  hai 
to  drag  along  the  table  a  body  which  has  its  tendency 
downward  taken  away  by  the  table. 

We  must,  in  every  employment  of  the  natural  movhrg 
forces,  deduct  from  the  whole  force  competent  to  the  sub* 
Ject  employed,  the  part  which  is  expended  in  making  thdt 
aubject  follow  up  the  yielding  body  so  as  to  continue  itft 
action  on  it  This  deduction  is  frequently  of  difficult  in^ 
vestigation,  particularly  when  we  employ  the  strength  of 
animals.  The  proportion  of  their  force  which  is  thus  ex<^ 
pended,  varies  with  the  vehx;ity  with  which  they  must 
move,  in  order  to  continue  their  action.  A  certain  velo^ 
city  disables  the  animal  from  accelerating  the  body  any 
more,  because  it  requires  all  its  strength  to  continue  tUi 
velocity  of  its  own  body.  This  subject  will  be  particu* 
larly  considered,  when  we  are  occupied  with  the  perfor* 
inance  of  machines. 

338.  We  will  now  inquire  into  the  modifications  of  tb0 
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iDOtion  prodooed  by  the  action  of  an  exteroal' force,  wbaa. 
the  direciti<m  of  the  force  does  not  paM  the  omtre  of  gm«. , 
Tity.  Since,  in  tbia  caie,  an  eqoal  accelerating  force  is 
not  exerted  in  every  particle ;  thejr  will  not  move  alike^. 
jome  will  move  faster  tfaiia  others.  As  the  body  is.  sup« 
posed  to.  retain,  its  continuity  and  its  force,  this  unequal 
motion  of  its  .different  parts  must  constitute  a  sort  of  roK 
tetion  by  which  the  body  will  cbangfi  its  attitude.  What 
in  the  beginning  was  the  iqiperaiosty  or  the  foremost,  on 
(he  nethermost)  will  not  continue  so.  It  remains  therefore 
tp.be.  considered^  whether  thi»  motion  of  rotation  be  re* 
giila^  by  steady  principles,  and  what  is  the^  relation 
mibsistiiw  between  it  and  the  progFessive  motiena  whicU 
liave  bitharta^Qi^fpd  all  oux  attention,  of  what  modifr* 
efitioiis  it  is  suia^tjble^  and  how  we.may  baaUe  to  direol 
or  modify  it  . 

TUm  is  noit  a  >  matter  of  mev«  curiovly.  The  noblest 
me^^anka)  art.  pra((;tised  by  man),  depcsids.  entirely  on 
those  modiSeations^  I  mean  the  ajrt<  ot  working  a  ship. 
A  shipmust:  bQ  conaidfired  aa  a.bedy  at  perfect  liberty  to 
mwft,  in  earerjF  dir0elion»  and  ia  susceptible  of  an  infinite 
vsppety  of.  motions  besides  the  motipn  of  progression)  bj 
nhieb.she.ad^anceain  her  opuras*  She.  heels. to  leeward  by 
gr8ssure;of  the.  wind  on  her  sails.  She  rolls  and  pitches 
by  reason  of  the  eontinnal  shifting  of  her  support  by  the 
waives*  Sbsiis  made  to  yaw-fi^m  hen  course  by  Tarious 
tmlKetii^  nAich  the  diOermt  parte  of  the  hull  receive 
ftem  the  seas»  Sbo  receives  various  motions,  round  va^ 
9W9:ams!i  ac^eisdiag  at  tjbe  saUn  are  spread  or  trimmed, 
end  aeonrdis^- as  her  bowa  strike  the.  water  during  her 
SKogr^asvre:m«tian»  All  these  tendencies  to  conversion, 
are  not  only  useless  but  hurtful,  and  must  be  opposed  by 
tfyiMTi  fw^ap^axarted  by  th^  rudder^  in  which  office  a  part 
^!  itlk4imtingl  piAwer  is^.e;q)^ndcd,  so  that  the  remainder 
V^.trefue^tty  abiPSt.  wuibl^  to.  produce,  the  conversion  ,at^ 
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inaomeecMftietteeindf  rapid;  the  progcasrivci  motioti  u 
tlie  8Uie  aa^when  the  force  tfete  in  a.  line  passing  thnuigh 
ibe  oe^Une.of  grarit^  apd  produces,  no  lotatlcm^  lb. was 
demoaitmtod  in  dynamics)  Chat  if  any  bodjr  D^  of  a  ool^ 
lacticcn  or  system  A^fi^D,,bemoTed  aniformly  in.a^alraigfat 
line,,  the  centre  of  gravity  moves  unifomily  in  the  same  di- 
rection, and-  that  its  Telocity  ia  to  that  of  thebody  B  'aa  the 
matter  in  thiU  body  is  to  the  whole  matter,  of  ihetjMeA^ 
Therefore!  if  this motiosi  has  been  the.ef&ct  of  any  foDOi^ 
the  motion- of  the;  centue  is^  a^Ebdedint  the  same  maaner 
as  if  this  foupe  bad  acted  inthe  same  diraetion  on  alL  the 
matter  oC  thersyMem,  ooUeoted  in  that  eentlre.  And^  sinoe 
thia  is  eqimlly  true  with,  reqieet  to  each  bodjR  of  the  sya- 
Uukf,  itibUowa  that  if  each  faody  be  moving' in  any  mai»< 
ner»,  by  the  action- oC  diliSssent  fiirces^  the  motion  of  the 
centre  is  the.  aame  s»if  all  thoae  foiicea  were  applied  to 
the  whole  matten  of  the  s^tem  colUcted  thece<  Hence 
it  followed^  that  if  equal  andof^posite  Comesiaet  on  any 
two  bodies,,  or  on  every  pair  of  bodies  of  the.  system,  the 
motion  of  the  centre  is  not  affected  by  those  eiiiAal  and  o|]h 
posite  forces,  because  ^the  equal  and  opposite  motions  ro* 
snlting  from  this  action,  compesisate  one  an6ther^  There* 
fbre,  if  a.  system  of  bodies  are  moving  in  snob  a  manner 
that  they  oannot.  continue  tbebr  motions  without  distUi^b- 
ing. one  another,  either  bj  collision^  or  because  they  ane 
jpincd  to  one  another  by  rods;  or  strings^  this  dlsttirhance 
consists  in  mntuat  liction).  each  of  which  ib-  accompanied 
by)  an  equal  reaction  in*  the  ofqpotite  dilution*  Such  a 
system  mu^  therefore  be  considered  as  acted  on  by  ciqUal 
and  opposite  forces;  and  the  osotipo  of  the  centce  is  the 
same  as  if  they  did  not  act  on  one  another  at  all.  If  the 
centre  was  at  rest  whiie  their  molifHia  wens  not  disturbed 
by  one  another^  itt  will  continue  at  rest  notwithstanding 
the  dbturbance  or  total  change  ef  the  individnal  motions, 
and  iS  it  waa  in  motion,  it  will  continue  moving  in  the 
^ame  direBtipn,  and  with>tbe  same  velocitjr  es  before. 
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340.  Now  any  solid  or  cohering  body  is  tuch  a  system, 
consisting  of  parts,  which  are  so  connected  by  material  in- 
terpositions, that  one  part  cannot  move  in  any  direction 
whatever,  without  either  dragging  the  adjoining  pointy 
along  with  it,  or  pushing  them  before  it,  or  turning  them 
asidcj  in  one  way  or  another;  and  these  actions  .of  the 
parts  or  particles  of  the  body  are  all  mutual,,  equal,  and 
opposite.  In  whatever  manner  the  particle  a  affects  any 
remote  particle  p^  the  particle  p  affects  a  in  a  way  pjc^r 
clsely  equal  and  opposite.  Therefore, .  whatever  motions 
may  be  occasioned  to  the  different  parts  of  this  body  by 
their  mutual  connection,  the  motion  of  the  body,  produce4 
by  the  action  of  any  external  force  or  forces,  is  not  affect- 
ed by  them,  it  being  estimated  and  ngieasured  by  the  mo- 
tion of  the  centre.  We  have  seen  that  when  a  force  p 
acts  on  a  body  containing  the  quantity  of  matter,  or  num- 
ber of  particles,  in  a  direction  passing  through  the  cen- 
tre of  the  body,  it  causes  the  whole  body  to  advance  with 
the  velocity  v,  generating  the  quantity  of  motion  mv=:p. 

Every  particle  is  affected  by  the  accelerating  force  — ,  and 

advances  with  the  velocity  v. 

Now  let  the  same  force  p  =  mv  act  on  the  same  body, 
but  in  a  direction  which  does  not  pass  through  the  centre. 
The  body  will  both  advance  and  turn  round  ;  some  parts 
will  be  moving  faster  than  others,  and  in  other  directions, 
and  some  may  even  be  moving  backwards.  But  the  mo- 
tion of  the  centre  of  gravity  will  be  the  same  as  in  the  last 
case,  it  will  move  m  the  same  direction,  and  its  velocity 
will  be  V  as  before. 

It  is  plain  that  the  centre  of  gravity  will  still  describe  a 

.  straight  line,  but  that  the  other  parts  of  the  body  must  be 
moving  in  curve  lines,  of  various  curvature,  according  to 
their  position  respecting  the  centre,  just  as  we  observe  in 
a  coach  wheel  rolling  along  a .  smooth  road.     The  centre 

,  of  the  wheel  describes  a  line  parallel  to  the  road ;  but  the 
VOL.  I.    *  a  ■        " 
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Other  parU  are  sometimes  above  the  centre  and  sometimes 
below  it,  sometimes  before  it  and  sometimes  behind. 

We  must  now  endeavour  to  a^ertain  this  motion  of 
rotation,' shewing,  lat^  The  position  of  the  axis  round 
which  this  rotation  is  performed ;  and  2(%,  The  velocity 
of  this  rotation,  or  the  relation  subsisting  between  it  and 
the  motion  of  progression. 

For  this  purpose,-  we  shall  begin  with  a  case  of  such 
rimpKcftj  that  we  shall  be  assisted  in  our  first  notions  of 
the  subject  bj  the  ordinary  suggestions  of  common  sense. 

341.  L^t  A  and  B  (Plate  IV.  fig.  10.)  be  two  equal  balls, 
connected  bj  an  inflexible  line,  of  whicfa  6  is  the  middle 
point,  and  consequently  the  centre  of  gravity  of  the  sys- 
tem. Let  AB  be  so  divided  in  P  that  AP  :  PB  =  8  :  1. 
Now  suppose  tliat  h  force  acts  on  this  system  at  the  point 
"^j  at  right  angles  to  AB,  and  let  its  intensity  be  such  that 
in  a  given  montent  of  time  it  wolild  cause  the  system  to 
Ascribe  the  small  space  GI,  perpencKcular  to  AB.  From 
what  has  been  already  said,  it  follows  that  the  two 
balls  will  sustain  equal  impresdons,  and  will  therefore 
move  equally  fast;  and  that  at  the  end  of  the  move- 
ment, the  system  will  have  the  position  ab  parallel  to 
AS. 

But  let  us  no#  suppose  that  the  same  force  has  acted 
on  the  system  in  the  point  P,  and  still  in  the  same  direc- 
tion, perpendicular  to  AB.  We  have  just  now  learned 
that  the  motion  of  the  centre  6  will  be  the  same  as  in  the 
former  case.  It  will  still  be  at  I  at  the  end  of  the  mo- 
ment, and  will  continue  to  move  uniformly  forward  in 
that  direction  GI^.  But»  in  order  to  ascertain  th^  place 
of  the  two  balls  at  the  end  oT  the  moment,  we  must  know 
their  motions.  And  we  must  learn  this  by  means  of  our 
knowledge  off  the  forces  or  pressdres  by  which  they  are 
urged  forward.  We  learn  this  by  inquiring  what  forces, 
applied  to  A  and  B  in  the  Opposite  direction,  will  prevent 
them  from  acquiring  this  motion^  that  is^  wiU  just  balance 
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the  force  applied  at  P.  Now  we  have  seen  that  these 
forces  must  be  in  the  inverse  proportion  of  the  distances 
of  P  from  the  halls.  Therefore  the  force  or  pressure 
which  urges  B  into  motion  is  double  of  that  which  acts  oa< 
A,  and  therefore  will  produce  a  double  motion.  The  in- 
cipient motion  of  B  will  be  double  of  that  of  A,  and,  at 
the  end  of  the  moment,  the  balls  will  be  in  such  positions 
that  Bit  is  double  of  Am.  Therefore  the  line  «^  is  no 
longer  parallel  to  AB,  but  cots  it  in  C,  so  that  BC  is  dou- 
ble of  AC.  But  the  centre  6  having  moved  ovei^  the 
same  space  61  as  in  the  former  case,  it  b  plain  that  the 
line  /»  m  must  cut  the  position  baot  the  former  Case  in  the 
point  I. 

Thus  we  see  that  the  system  AB  has  changed  its  atti* 
tttde  as  well  as  its  situation,  and  that  this  change  of  atti*> 
tude  is  the  beginning  of  a  rotation  round  th^^  point  G,  ^ 
which  point  alone  moves  uniformly  in  a  straight  line  in 
the  direction  of  the  moving .  force.  This  rotation  com- 
mences round  an  axis  which  passes  through  the  centre  of 
gravity  6,  perpendicular  to  the  plane  of  the  figure.  For 
the  motions  of  the  two  balls  being  parallel  to  the  direction 
FP  of  the  moving  force,  and  to  the  line  GI  described  by 
the  centre,  are  necessarily  in  the  same  plane  with  those 
lines  and  the  line  AB.  Since  they  are  motions  of  rotation 
round  an  axis,  each  ball  describing  the  circumference  of  a 
circle  round  it,  this  axis  must  be  %)erpendicular  to  the 
planes  of  those  circles. 

342.  Let  us  now  consider  the  momentary  rotation,  and 
its  relation  to  the  motion  of  progression.  Suppose  the 
Hue  BC  to  be  connected  with  the  balls,  and  to  l^e  turning 
along  with  them.  Since  the  motion  of  the  balk  has  been 
such  that  the  Une  BC  is  not,  at  the  end  of  the  moment, 
in  the  position  6 1  e,  parallel  to  BC,  but  is  inclined  back- 
wards so  as  to  cut  its  former  position  in  the  point  C^  it 
appears  that  the  point  e  has  been  moving  backwards  while 
G  was  advancing  along  GL     If  about  the  centre  I,  with 
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the  radius  I  c,  we  describe  a  small  arch  backwards,  it  will 
sensibly  coincide  with^the  line  cC  which  is  parallel  to  IG- 
The  situation  of  the  extremity  of  the  revolving  line,  in- 
stead of  being  in  c  will  be  (as  to  all  sense)  in  C,  so  that 
the  line  itself,  instead  of  seeming  to  have  turned  round  6, 
seems  rather  to  have  turned  round  C.  For  the  upper  end 
of  it  is  still  in  the  same  place.  This  is  actually  observed 
in  many  instances.  If  a  flat  ruler,  such  as  a  gttnter'*8 
scale,  lying  on  a  table^.  be  struck  laterally  with  a  small 
blow,  at  a  point  about  $ds  or  |  ths  of  its  length,  it  will  turn  in 
this  very  way,  one  end  remaining  stilL  But,  to  return  to 
the  two  balls,  we  see  in  this  momentary  motion  the  begin- 
ning of  a  rotation,  such  that  while  G  advances  a  small 
space  GI,  C  describes  (backwards)  an  arch  of  a  circle 
equal  to  GI.  Suppose  this  arch  to  be  one  degree.  Then 
it  will  go  completely  round  while  G  moves  oyer  a  line 
S60  times  greater  than  GI.  We  may  therefore  state  die 
relation  of  the  rotative  and  progressive  motions  by  saying, 
that  the  system  makes  one  revolution  while  the  centre  de- 
scribes a  line  equal  to  the  circumference  of  a  circle  whose 
radius  is  GC. 

Having  examplified  this  combination  of  motions  by  thb 
very  simple  and  palpable  case,  we  shall  now  consider  the 
subject  more  generally.  But,  that  we  may  avoid  some 
part  of  that  complication  of  action  which  renders  the  con- 
sideration of  the  sulfect  very  intricate,  we  must  still  limit 
our  attention  to  certain  forms.  We  have  seen  that  by 
'  applying  the  force  at  P  below  the  centre  of  gravity,  the 
system  of  two  balls  gets  an  incipient  rotation  round  the 
point  C  above  or  beyond  the  centre.  In  like  manner,  had 
it  been  applied  to  the  right  hand  of  the  centre,  it  would 
llave  produced  a  rotation  round  some  point  on  the  left 
hand  of  it.  We  therefore  confine  pur  attention  at  present 
to  such  shapes  of  body  as  have  a  middle  plane,  dividing 
.  the  body  through  the  centre,  and  having  the  matter  simi- 
larly disposed  on  both  sides.     Such  are  all  the  solids 
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fsrmed  by  the  revolution  of  a  plane  figure  round  an  axis. 
Such  are  all  the  regular  solids,  all  prismatic  bodies,  and  a 
great  variety  of  others.  We  shall  farther  suppose  that 
the  impelling  force  acts  in  this  dividing  plane.  Thus  we 
avoid  any  chance  of  rotation  round  an  axis  otf  either  side 
of  this  plane.  Even  with  this  limitation,  we  shall  have 
the  same  internal  mechanism  as  in  the  cases  that  are  ex- 
cepted, and  shall  see  that  those  exceptions  make  no  differ- 
ence in  the  general  results. 

Since  the  effect  of  a  force  applied  to  a  solid  body  in  a 
line  passing  through  its  centre  of  gravity,  is  to  impress  on 
every  particle  an  equal  accelerating  force  in  its  own  direc- 
tion, and  since  it  was  also  demonstrated  that  such  equal 
end  parallel  forces  did  not  affect  the  relative  motions  and 
actions  of  bodies,  it  follows  that  this  force,  so  applied, 
will  make  no  change  in  any  motion  of  rotation  that  the 
hpdy  may  already  hav^. 

Now,  let  f(  solid  body,  of  the  class  which  has  been  se- 
lected for  this  introduction,  be  acted  on  by  a  force  in  the 
direction  FP  (Plate  IV.  fig.  4,)  in  the  plane  which  passes 
through  the  centre  of  gravity  6,  and  divides  the  body  ip 
the  manner  already  mentioned,  but  ^o  that  the  direction 
.FP  does  not  pass  thi-ough  the  centre,     , 

Let  j>  express  the  magnitude  of  the  force,  or  the  quan- 
tity of  motion  which  it  would  generate  by  acting  uniformly 
for  some  given  moment  of  time,  and  let  m  express  the 
number  of  equal  particles,  or  the  quantity  of  matter  in  the 
body.  This  force  will  communicate  to  the  centre  of  gra- 
vity 6  of  this  body,  the  velocity  -^,  causing  it  to  describe 

pi 

some  line  61  parallel  to  FP.  Suppose  that,  at  the  same 
instant,  an  equal  force  is  applied  to  the  centre^  in  the  op- 
posite, direction.  It  is  evident  that  all  progressive  motion 
of  the  .centre  is  now  prevented.  But  it  is  as  evident  that 
th^e.m^st  be  a  rotation;  for. the  two  forces,  though 
f qual,  are  not  directly  opppsed  to  each  other. 
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Now  let  •  Hard  force,  also  equal  to  p,  and  acting  in  th* 
tame  or  a  parallel  direction,  act  on  the  centre  of  the  bodj* 

This  will  cause  the  body  to  move  with  the  velocity  — 

and  win  make  no  change  in  the  rotation  already  prodnced. 
The  body  must  (as  I  have  said)  more  with  the  velocity 

P 

— ,  because  now  the  body  i^  in  the  same  state  as  if  nei- 
ther force  had  been  applied  at  the  centre,  and  as  when 
the  first  force  p  alone  was  applied  at  F.  Bnt  we  made 
use  of  those  forces  in  order  to  shew  the  certainty  of  the 
rotation,  without  making  it  ditTerent  from  what  the  force 
p  alone  will  produce. 

Since  the  centre  must  advance  in  a  straight  line,  it 
does  not  partake  of  the  rotation.  This  must  therefwe 
be  performed  round  the  centre,  or  round  an  axis  passing 
through  the  centre.  In  order  to  find  the  positaoo  of 
this  axis,  we  must  recollect  that  the  rotation  is  the  same 
as  when  p  was  applied  at  F,  and  an  opposing  force  was 
applied  at  the  cratre.  ,  In  this  case,  the  motion  of  the 
point  F  results  from  the  action  of  the  force  in  the  direc* 
tion  FP,  and  that  of  the  other  force  at  G,  propagated  in 
the  direction  GF.  The  incipient  motion  of  F  must  there- 
fore be  in  the  plane  of  these  two  forces,  that  is,  the  plime 
of  NFG,  that  is,  in  a  plane  passing  through  the  centre  of 
gravity,  in  the  dhrection  of  the  moving  force,  and  the  axis 
round  which  the  body  turns  is  perpendicular  to  this 
plane. 

We  shall  see,  in  doe  time,  why  this  is  limited  to  the 
incipient  motion,  and  what  circumstances  make  any  change 
in  it  afterwards. 

343.  The  next  object  is  to  ascertain  the  relation  be- 
tween the  progressive  and  rotative  motions.  This  is 
most  oonveniently  determined  by  the  space  described  by 
the  centre  during  one  revolution  of  the  systentL  It  nray 
be  enounced  in  the  following  manner. 
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Let  GP  (Plate  lY.  fig.  1 1.)  be  drawn  from  the  centre  of 
graTity,  perpendicular  to  FP,  the  direction  of  the  moving 
force.  Let  «i  express  anj  particle  or  portion  of  the  whole 
matter  m  of  the  body,  and  let  r  express  its  radius  vector, 
or  distance  from  the  axis  of  rotation  passing  througti  the 
centre  of  gravity.  The  body  will  make  one  revolutioi^ 
while  its  centre  G  describes  a  line  equal  to  the  circufpfer- 


ji 


fur- 


face  of  a  circle  whose  radios  is  CG,  ^    ^  ^^ 

For  It  is  very  obvious  that  when  a  body  both  advances 
and  turns  round  an  axis,  a  point  may  be  taken  in  a  line 
connected  with  that  axis  and  turning  with  it,  at  such  a 
distance  from  the  axis,  that  its  velocity  of  rotation  shall  be 
equal  to  the  progressive  velocity  of  the  centre.  Therefore 
if,  in  the  line  PG  produced,  we  take  the  point  C  so  situ- 
ated, it  follows  that  the  motion  of  that  point,  by  its  rota- 
tion round  the  axis,  is  equal,  and,  in  this  instant,  is  oppo- 
site to  the  motion  of  the  centre,  and  therefore  compensates 
it,  so  that  C  is  at  rest  in  absolute  space.  With  the  centre 
G5  and  radius  GC,  describe  the  circle  CVB.  Draw  the 
radins  vector  GA,  producing  it  till  it  meet  the  circle  in  V. 
{iCt  GI  be  the  velocity  or  uniform  motion  of  the  centre  in 
some  small  moment  of  time.  The  motion  of  the  point 
V  is  compounded  of  the  rotation  V  z,  in  the  tangent,  equal 
to  GI  and  the  progressive  motion  V  t?,  also  equal  and  pa- 
rallel to  GI.  It  therefore  moves  in  absolute  space  with 
the  velocity  and  in  the  direction  V^,  the  diagonal  of  the 
rhombus  \vyz.  Draw  z  G,  and  from  A  draw  A  d  paral- 
lel to  V>,  meeting  2:  G  in  d,  and  A  b  equal  and  parallel  to 
GI,  and  produce  it  till  it  meet  CP  in  E.  Complete  ihe 
parallelogram  A  &  e  d,  and  draw  the  diagonal  A  f ,  produc- 
ing it  till  it  meet  CP  in  H.  Join  CV  and  CA.  It  is 
plain  that  Ae  is  the  absolute  motion  of  the  particle  A, 
being  compounded  of  the  progressive  motion  A  b  equal  to 
GI,  and  A  d  the  rotative  motion  of  A  round  the  centre  of 
pavity. 
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The  line  Vr  being  parallel  to  61,  is  perpendicular  to 
CG,  and  vyy  being  parallel  to  V  Zy  is  perpendicular  to  V6.. 
Therefore  the  angles  V  vy  and  CQ V  are  equal,  and  the 
isosceles  triangles  \f>y  and  CVG  are  similar.  There-" 
fore  the  angle  CVG  is  equal  to  the  angle  vYy^  or  its 
equal  z\  y.  Add  the  angle  G V  y  to  both,  and  the  angle 
CV^  is  equal  to  the  right  angle  GV  ^r,  and  CV  is 
perpendicular  to  V^.  Again,  A  ft  is  perpendicular  to  CG, 
and  &  f  is  perpendicular  to  AG.  Therefore  the  a(kgle 
CGV  is  equal  to  the  angle  Abe.  Also  A (  :  & e  =:  A6  : 
Ad,  =  V2:  Ad,  =  VG:  AG,  =  CG:  AG.  Therefore 
the  triangles  &cA  and  GAC  are'  similar,  and  the  an- 
gle C^G  is  equal  to  the  angle  Aeb  or  d  A  e.  Take 
awaj  the  common  angle  GAe,  and  the  remainder  CAe 
is  equal  to  the  remainder  d  AG,  and  is  therefore  a  right 
angle,  and  A  e  is  at  right  angles  to  AC. 

Since  what  has  uqw  been  demonstrated  in  relation  to  the 
particle  A  is  equally  true  of  another,  particle,  it  follows 
that  the  incipient  absolute  motions  of  every  particle,  re- 
sulting from  the  composition  of  these  progressive  and  rq- 
tative  motions,  are  found  to  be  at  right  angles  with  the 
lines  joining  the  particles  with  the  point  C,  or  with  an 
axis  passing  through  C,  perpendicular  to  the  plane  NFG. 
And  since  the  point  or  axi^  C  is,  in  that  instant,  without 
motion,  and  yet  the  body  is  turning  round  while  moving 
forward,  the  particles  are  turning  round  the  momentary 
axis  in  C.  This  is  a  curious  example  of  the  composition 
of  motions,  and  we  shall  see  presently  that  it  is  of  very 
frequent  occurrence,  and  that  a  clear  conception  of  it  will 
greatly  assist  us  in  the  discussion  of  many  difficult  and 
important  questions. 

It  is  obvious  that  when  the  circle  CVB  turns   along 

with  the  body,  it  rolls  along  the  line  CC  parallel  to  GI, 

as  a  coach  wheel  rolls  along  a  level  road,  and  that  point 

.of  the  circumference  which  is  in  contact  with 'the  line 

CC  is,  in  that  instant,  without  motion.    This  point  ^f 
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contact  18  therefore  the  momentaiy  centre  of  motion  for 
every  particle  of  matter  in  the  body.     Thej  are  all  be^ 
ginning)  as  it  were,  to  describe  concentric  arches  having 
this  point,  or  the  axis  passing  through  this  point,  for  the 
centre.     We  are  here  speaking  of  their  real  absolute  mo-^ 
tions  in  free  space.     I'ch*,  as  the  body  is  not  supposed  to  * 
change  its  form,  the  particles  are  also  turning  round  the 
centre  of  gravity  G,   while  It  is  carried  forward  in  ^^ 
straight  line.    When  we  consider  the  motions  more  par« 
ticularly,  we  find  that  the  point  C  describes  a  successioii , 
of  cycloids,  having  the  line  CC  for  their  base,  and  that 
all  the  other  points  of  the  circumference  CVB  describe 
cycloids,  the  particles  within  and  without  this  circum- 
ference describing  epicycloids,  contracted  or  elongated,  acr 
corAng  to  their  situation.    The  centre  of  gravity  6  alone 
describes  a  straight  line.     In  every  position  of  the.  body, 
every  particle  is  moving  at  right  angles  to  the  line  joining 
it  with  that  point  of  the  circumference  CV3  which  is  in 
contact  with  the  line  CC,  and  the  velocity  of  every  par- 
ticle is  as  its  distance  from  that  point.     For  as  V^  and 
A  e  are  described  in  the  same  time,  and  the  angular  mo- 
tion  of  all  the  body  is  the  same,  the  angles  VC^  and  AC  < 
are  equal,  and  therefore  the  triangles  are  similar,  and 
V  ^ :  A  e  =  VC  :  AC,  that  is,  the  absolute  velocity  of  the 
particles  are  as  their  distances  from  C. 

The  facti  have  now  been  stated  and  described,  and  \fe 
must,  in  the  next  place,  shew  how  all  these  motions  are 
produced  by  the  excentric  impulsion  of  the  moving  force, 
.and  by  that  means  we  may  determine  the  situation  of  the 
axis  of  conversion  thus  assumed  by  the  body.  It  is  plain, 
.  in  the  first  place,  that  the  moving  force  P  is  equal  to  the 
sam  of-  all  the  forces  which,  when  applied  at  F,  in  the 
'direction  FP,  produce  all  these  motions.  There  is  no 
other  source  from  which  they  can  be  derived.  We  have 
considered  T  as  a  force  which  generates  the  quantity  of 
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motion  m  r.    Thef«fbre  r  if  the  velocity  of  tbe  centre,  bjr 

which  it  describes  Ql  in  some  nomeoi  of  time.    A  per* 

lion  of  this  force,  which  w«  may  distioguieh  m  elemental 

by  the  symbol  »  o,  is  employed  in  producing  in  the  pur« 

ticle  A  the  motion  jSLe,  which  it  is  observed  to  take,  with 

•  velocity  which  is  to  the  vekxnty  in  C  or  in  N,  that  is, 

to  the  velocity  e,  as  CA  to  CG.     We  have  thnefars 

V  CA 
CG  :  CA  =  c  :    '    ,■   and  the  velocity  of  A  is  expressed 

V  CA 
by   *  ^,  *     The  same  symbol  will  oonveniently  enough 

express  the  quantity  of  motion  in  A.  if  all  the  particles  be 
supposed  equal,  and  be  expressed  by  unity. 

The  method  which  we  adopted  for  discovering  the 
force  excited  in  any  remote  point,  by  the  action  of  a 
known  force  at  another  point,  was  by  finding  the  proper* 
fion  of  two  forces  which  would  balance  the  body  between 
them,  when  applied  to  those  points,  in  the  same  direc- 
tions ;  and  they  were  ascertained  to  be  inversely  as  the 
perpendiculars  on  thieir  directions,  drawn  from  the  point 
to  which  the  third  force  requisite  for  completing  the 
balance  was  applied.  We  make  use  of  C  as  the  third 
point  on  this  occasion,  because  it  is  really  a  fi^ed  point, 
remaining  at  rest,  and  contributing  to  the  excitation  q( 
the  force  at  A,  which  gives  it  the  motion  A  e.  C  is  at 
rest,  in  consequence  of  the  mutual  compensation  and  ba- 
lancing of  all  the  forces  which  are  acting  on  it  in  the  in- 
stant of  our  examination.  We  are  not,  at  present,  inte- 
rested in  knowing  the  magnitude  of  any  of  those  forces. 
It  b  enough  that  C  is  supported.    Therefore  to  find  the 

force  91 V  at  F,  which  produces  the  velocity    '>,^-  in  Af 

v  CA 
institute  the  following  analogy,  CP  :  CA  s=  J^-  :mv. 

f  A  • 

This  gives  m  ©  =:  ^U  ^^  :  therefore  taking  in  the  mo- 
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iiom  of  all  th«  particles,  we  huvt  m  v,  or  m  v,  ss 

^  ^^.    Now  (Elem.  II.  12  &  IS.)  we  have  CA«  = 

GA«  +  GC«  =«=  2  GC.  EG,  according  as  CE  is  greater 
or  less  than  CG. 

Tlierefoi«y"CA»  5=y*GA»  +J^CG^  =4=  2  CG  ./^. 
Bat /"CG*  =  m .  CG«,  because  CG  is  an  inyariaUe  line 
And  =±=  2  CG  .y^  »  =  9,  because  the  sum  of  all  tbe 

.  +  EG  IS  equal  to  the  sum  of  all  the  —  EG,  hj  the  na- 
ture of  the  centre  of  gravity. 

Therefore  we  have  w  t>  =  - 


CP.  CG. 
Therefore  mi?.  CP.  CG  =  t?.y*GA«  +  mv.  CGS  or 

m.  CP.  CG  =y*GA«  +  pi.  CGS  and 

y*GA«  =  m.  CP.  CG  —  ih.  CGS  =  m.  GP.  CG. 

/GA^  fskv^ 

Therefore,  finally,  CG  z=^-^^^^^r^,  =^—^^^ 

Thu0  have  we  obtained  tbe  radius  jo(  the  circle,  whose 
tsrcumferenice,  unfolded,  is  the  ^pace  described  by  the 
eeotre  while  <he  body  makes  one  reviJution. 

Thece  is  anolber  way  in  whidi  we  may  proceed  in  tbe 
ume  ininBstiga£i(Ni«  which  has  the  advantage  of  pointing 
out  something  of  the  internal  procedure  in  producing 
those  motions.  We  may  examine  how  it  happens  that 
all  the  forces  which  act  on  C  come  to  compensate  each 
other.  We  nay  ascertain  CG  by  means  of  this  circum- 
stance, that  they  are  all  balanced  in  that  point. 

A  force  NF  is  applied  at  F,  in  the  direction  FP,  and 

we  wish  to  know  whA  effect  is  produced  on  C,  in  conse- 

"•fuence  of  ilie  particle  A  being  dragged  into  the  motion 

Ae  by  the  maleriid  connection  between  the  three  poiiita 
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F»  A,  and  C.  Now  the  forces  which  are  mutually  exerted 
at  these  three  points  are  such^as  would  balance,  if  applied 
there  in  the  same  directions.  And  the  three  directions 
are  either  parallel,  or  they  meet  in  one  point.  In  the 
present  case,  NF  and  A  e,  which  are  two  of  the  forces, 
meet  in  O.  Therefore  draw  OC  r.  Then  C  r  is  the  di- 
rection of  the  excitement  in  C  by  such  an  action  at  F  as 
produces  the  motion  A  e  in  A.  Draw  FK  and  PL  per- 
pendicular to  AO  and  CO.  Also  make  the  parallelogram 
Kgefj  expressing  by  A /and  Ag  the  strains  on  the  con* 
flections  with  F  and  C.  Make  F  A  =  A/,  and  complete 
the  parallelogram  A  F  t  N.  Make  C  9  =  A^,  and  com- 
plete the  parallelogram  ^  Cp  r.  Make  /r  O  =  A  f ,  and 
complete  the  parallelogram  ArmitO.  Lastly,  draw  kt 
perpendicular  to  PO.  We  shall  find  from  the  process 
ihat  F  t  =  C  ji,  and  C  r  =  On,  and  NF  =  mO. 

It  is  plain,  from  the  investigations  in  a  preceding  article, 
that  /r  O,  O  It  (or  A:  n)  and  O  m  are  as  the  balancing  forces 
at  A>  C,  and  F.  A]iso  k  O  was  taken  equal  to  A  ^9  the 
force  at  A. 

Now        kO  :km  =  sin.  COP  :  sin.  iOP,  =  PL  :  PK 
kmi  tm  =  C0  :  PO,  =  CP  :  PL 

therefore kO:tm=  CP  :  PK. 

Now  t  m  expresses  the  force  C  r,  reduced  to  the  direction 
parallel  to  PO,  that  is,  to  the  direction  of  the  motion  of 
C  in  its  rotation  round  6.  When  all  these  forces  t  m 
balance,  C  is  at  rest.  Therefore,  putting  for  k  O  the  value 

V  CA 
which  we  found  for  A  c,  we  have  CP  :  PK  =     1^    ; 


D.CE.CP  — CE.CH        t) .  CE  .  CP  —  CA" 


~  CP .  CG         *  ~      ep .  CG  *  ~ 

the  force  at  C,  arising  from  the  reaction  of  A.   Therefore 
tb«  frhole  Jforces  at  C,  arising  from  the  reaction  of .  all  tht 
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^.  ,      .        v.CP  ./CE  —  ©/cA'      -,  .  ^. 
particles,  is  =  CP    CG     *  ^^*"^ 

of  all  the  lines  such  as  CE  is  m .  C6,  bj  the  nature  of  the 
centre  of  gravity,  therefore  the  whole  farces  acting  at 

^  p .  CP  .m .  CG—  t?  .y  CA*         V  .  CP  . m  .  CG 

C  are  -  CP  .  CG  '  ®^         CP  .  CO 


a 


—  xiVCG* ^^^^^> ^^^ — CPCG'     ^^* ^®   ^^^ already 

/  pi  X  g 

.  ^een  that  -^pTjg  is  equal  to  m  t?.    Therefore  the  forces 

acting  at  C  are  mt)— lit  t>;  that  is,  there  is  a  complete 
compensation  of  opposing  forces,  ill  the  very  instant  of 
impulsion,  and  C  remains  at  rest 

On  the  other  hand,  inferring  from  the  fact  that  C  r^ 
mains  at  rest,  this  mutual  compensation  of  forces,  wfe 

,     ©.CP.m.CG  — v/cA*  .  ^i 

make ^ ^p   ^q^  ^ =  t?,   and  consequently 

wtj .  CP .  CG  =y© .  CA",  which  is  = .  vJ^GA'  +  wc  CG«. 
Therefore,   w  .  CP  .  CG  —  w  .  CG«  =y*GA%   that  is^ 

m .  GP .  GC  = /gas  and  CG  =J^^  as  before- 
•^  m.  GP 

The  manner  in  which  this  theorem  is  usually  demon- 

ttrated  by  the  mechanicians^  is  more  familiar^  but  it  is  not 

so  immediately  deduced. from  the  actual  state  of  things, 

Tiz.  a  body  in  free  space,  and  unobstructed  by  forces  of 

any  kind.     They  begin  as  we  did,  by  supposing  the  body 

impelled  at  F,  in  the  direction  FP,  and  resisted  by  an 

*  equal  and  opposite  force  at  the  centre  of  grarity.  The 
'  rotation  is  then  strictly  performed  round  that  centre,  yet 

does  not  differ  from  what  it  would  be  without  this  oppos- 

•  ing  force.  This  supposition  makes  A  move  in  the  direc«» 
tion  and  with  the  velocity  A  d^  while  G  has  the  velocity 
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GI.    We  have  GA  :  GV  =  Ad;  V  z  (=GI,  =«),  and 
then  GV  :  GA  =  v  :  ^py  ,  =     1^   ,  from  which  we 

/ga* 

obtain,  as  bj  the  other  methods,  C6  ^^ — ^rp* 

But  this  method  is  not  ao  unexceptionable  as  those 
rhich  we  have  followed,  the  state  of  things  being  so  yery 
different,  nor  does  it  so  immediately  suggest  the  compo* 
flition  of  the  two  naotions. 

The  intelligent  reader  has  perhaps  remarked,  that  the 
investigation  of  this  theorem  now  before  him  proceeds  on 
the  supposition  that  all  the  particles  of  the  body  are  in  the 
plane  of  the  figure,  whereas  some  are  above  and  some  be- 
low or  on  the  other  side  of  that  plane,  and  it  may  b« 
doubted  whether  this  simplification  of  the  question  be  ad^ 
Biissibte.  But  a  little  reflection  will  show,  that  our  oon- 
dusiooft  are  kgitimate,  at  least  with  respect  to  the  limited 
class  of  forms  that  we  are  considering.  We  may  suppose 
all  such  bodies  resolved  into  little  prismatic  elements,  aU 
of  them  perpendicular  to  the  plane  of  the  figure,  and 
therefore  parallel  to  the  axis  of  rotation  in  C^  or  in  G, 
which  is  also  perpendicular  to  that  plane.  The  whole  of 
one  of  those  prisms  being  equidistant  from  the  axis,  every 
atom  of  it  has  the  same  angular  motion,  and  requires  the 
same  expenditure  mvo£  the  force  to  excite  it  into  motion 
as  if  it  were  in  the  plane  of  the  figure.  It  is  attached  to 
this  plane  by  its  middle,  or  its  centre  of  gravity,  and 
therefore  both  halves  of  it  will  be  equally  ui^ed  forward. 
We  shall  see  by  and  by  what  other  circumstances  must 
be  attended  to,  when  these  dementary  prisms  are  not  bi- 
sected by  the  plane  passing  through  the  centre  in  the  di- 
rection of  the  impelling  force.  In  the  mean  time,  we 
learn  all  the  chief  properties  of  this  motion  without  the 
embarrassment  arising  from  a  farther  complication.  We 
may  now  consider  a  number  of  consequences  of  this  fun* 
damental  proposition. 
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Cor.  1.  The  angular  Telocity  of  this  motion,  measured 
as  tisual  by  the  number  of  revokidons  made  in  a  given 
time,  or  by  the  velocity  of  some  point  whose  dbtahce  from 
the  axis  is  unity,  b  propord<mal  to  the  impelling  force. 
For  the  velocity  acquired  by  the  centre  of  gravity  being 
tbe  same  as  if  the  body  had  no  rotation,  and  this  being 
proportional  to  the  force,  the  time  of  describing  the  line 
equal  to  the  drcumference  whose  radius  is  CG  is  diminish- 
ed in  the  same  proportion,  or  the  mmiber  of  such  drcum- 
ferences  described  in  aome  ^ven  time  is  augmo^ited  in  the 
same  proportion ;  therefore  the  number  of  revolutions  made 
in  a  given  time  is  increased  in  that  proportion. 

Cor.  2.  The  angular  velocity  is  also  proportional  to  the 
distance  GF  from  the  axis  of  gra^ty  at  which  the  body  is 
impressed  by  the  moving  force.  For  CG,  and  consequent- 
ly the  circumference  to  be  described  during  one  Tevolution» 
b  inversely  as  GF.     Because,  when  the  body  is  given,  the 

quantity  yGA'  b  invoriaUe,  in  whatever  point  P  tbe  power 
shall  act  Since  m .  GC  .  GF  is  equal  to  this  constant 
quantity  AtA',  GC  must  be  inversely  as  GP.  Thcarelori^ 
the  space  described  in  the  time  of  one  revolution,  and  oon- 
sequendy  the  time  of  describing  it,  is  diminished  in  the 
same  proportion. 

Cor.  S.  If  GC  be  taken  =^^p,  in  the  linepopendi- 

cular  to  FF,  the  point  C  will  remain  at  rest  in  the  first 
moment  of  the  motion.  For  thi^s  reasan  C,  determiiifid  in 
thb  manner,  b  called  the  spontaneous  centre  ^conversion. 
Cor.  4.  The  dbtance  CF,  between  the  point  of  impul- 
incHi  and  the  spontaneous  axis  of  conversion  b  equal  to 

fvA?  fQA? 

- — 7T«»  «r  to*^ — --^.     For  it  b  easy  to  see,  as  before, 

wi.GP  m.CG  ^ 

that  /PA'  =fQA?  +  m .  GPS  and  therefore,  •^-^^ 
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be  shown  above 

CA*  =  PA*  +  CPrtUCP.PE 
fCA'=fPA*  +  m  ,  CP  .  CP  —  CP  .  2GP.    Aind 

m.CG.CP=y*CA*. 

therefore  frt  .CP.  CG=fPA^+m.  CP.CP— «» .  CP.2GP 

and  yVA*  =  m .  CP .  CG  +  in .  CP".  2GP— m .  CP .  CP 
or  fPA'  =  m.CP  (CG+2GP— CP)  =i».  CP.GP 

therefore./^  =CP. 

It  b  also  plain  thatX^lJ^  =/^^ 

Cor.  5.  Weako  have  GP  =fL^^  go  that  if  C  be 

fn .  xxkj 

made^the  point  of  impulsion,  P  becomes  the  spontaneous 

centre  of  converaon  corresponding  to  it* 


*  When  the  author  had  arriyed  at  this  part  of  the  article  Rota- 
tion, he  was  unable  to  proceed,  in  consequence  of  a  severe  ilhieas, 
from  which  he  never  recovered.  Tlie  reader  is  therefore  referred  to 
the  artici^  Rotation  in  the  Encydopsdia  Britannica,  for  any  far- 
ther inio^-mation  on  diis  subject  ^t  he  might  have  expected  under 
the  present  article.^£j>. 
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M4i.  Stwmsbtb  of  MateriiJs)  in  MedmucM,  is  a  aulgect  of 
aomudi  inqportanoe,  that  in  a  natioli  00  emiaoit  as  this  fbr 
imnenttdti  and  ingenuity  in  all  spfeeiesaf  nuuiu£nctures»  and 
in  par&nilor  so  distinguished  for  it^  impxivements  in  nia»> 
dunerj  of  every  kind,  it  is  somewhat  sbigular  that  no 
writer  has  tmded  it  in  the  detaul  which  its  importance  and 
difficulty  dcmsnds.  The  man  of  sdefioe  who  visits  cur 
great  manufiutories  is  delighted  with  the  ingenuity  which 
he  obse^tres  in  every  part^  the  innitmetable  inventions 
which  come  even  from  individual  artisans,  and  the  deter- 
tained  purpose  of  improvement  and  refinement  whidi  he 
sees  in  every  workshop.  Bvery  oottan-miU  ^ppMVs  an 
aeadetny  of  mechanical  scienoe ;  and  mechanitsal  'nvantion 
is  spreading  from  th^^  fountBii^  c^rer  the  whole  kingdom : 
but  the  phfloBopliet  is  mortified  to  see  this  ardent  spirit  so 
cramped  by  ignorance  of  principle,  and  many  of  these  ori- 
giaal  and  biilliaDbt  thoughts  obsewred  and  clo|^[ed  with 
needless  and  even  huttfal  additioiis,  aad  a  complication  of 
madiinery  which  cheeks  improvement  even  by  its  iqqpear* 
anoe  of  ingenuity.  There  is  nothing  in  which  this  want  of 
scientific  education,  this  ignorance  of  prindide,  is  so  fre- 
quently observed  as  in  the  injudidous  proportion  of  the 
parts  of  machines  and  other  mechanical  structures ;  pro- 
portions and  finrms  of  parts  in  which  the  strength  and  posi- 
tion are  nowise  regulated  by  the  stndns  to  which  they  are 
VOL.  I.  a  A 
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exposed,  and  where  repeated  failures  have  been  the  only 


It  cannot  be  otherwise.  We  have  no  means  of  instruc- 
tion, except  two  very  short  and  abstracted  treatises  of  the 
late  Mr  Emerson  on  the  strength  of  materials.*  We  do 
not  recollect  a  performance  in  our  language  from  which 
our  artists  can  get  information.  Treatises  written  express- 
ly  on  different  branches  of  the  mechanical  arts  are  totally 
ffllent  on  this,  which  is  the  bans  and  onbf  principle  o(  th&r 
performances.  Who  would  imagine  that  Pbice^s  British 
Carpenter,  the  work  of  the  first  reputation  in  this  coun- 
tty,  and  of  which  the  sdle  aim  is  to  teadi  the  carpent^  to 
erect  sdtid  and  durable  structures,  does  not  contain  one 
propoation  or  one  reason  by  which  one  form  of  a  thing  can 
be  shown  to  be  stronger  or  weaker  than  another  ?  We 
doubt  Tery  much  if  one  carpenter  in  an  hundred  can  givea 
reason  to  oouTince  his  own  mind  that  a  joist  is  stronger 
when  laid  on  its  edge  than  when  laid  on  its  broadside.  We 
speak  in  this  strong  manner  in  hopes  of  exdting  some  man 
of  science  to  publish  a  system  of  instruction  on  this  subject 
The  limits  of  our  work  will  not  admit  of  a  detail :  but  we 
think  it  necessary  to  pcmit  out  the  leading  principles,  and 
to  give  the  traces  of  that  systematic  connexion  by  which  all 
the  knowledge  already  possessed  of  this  subject  may  be 
brought  together  and  properly  arranged.  This  we  shall 
now  attempt  in  as  brief  a  manner  as  we  are  able. 

The  strengtli  of  materials  arises  immediately  or  ultimate^ 
ly  ftom  the  cohesi<m  of  the  parts  of  bodies.    Our  examina- 

*  Since  this  artide  was  published^  several  sets  of  experiments  of 
very  considerable  importance  have  been  made  on  the  strength  a£  ma^ 
terials.  The  reader  is  particularly  referred  to  the  article  CAarKNTav, 
in  the  Edinburoh  Evcyclovjrdja.,  vol.  V-  p.  404^  Mr  Barlow's 
ingenious  Essay  on  the  Strength  of  Timl}er,  and  Mr  Tredgold's  Ele^ 
merdary  Principles  of  Carpentry  (Lond.  IS  10),-^  work  of  great 
practical  Qtility.-»-£v. 
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tkNi  ct  thk  pnopoty  of  tan j^bk  matler  has  as  yet  been 
very  partial  and  imperfect,  and  by  no  means  enables  us  to 
iqpply  mathematical  calculations  with  predsion  and  success. 
The  various  modifications  of  coheoon,  in  its  different  ap- 
pearances of  perfect  softness  plasticity,  ductility,  elastidty, 
hardness^  have  a  mighty  influence  on  the  strength  of  bo- 
dies, but  are  hardly  susceptible  of  measurement     Their 
texture  also,  whether  uniform  like  glass  and  ductile  me- 
tals, crystallized  or  granulated  like  other  metals  and  free- 
stone, or  fibrous  like  timber,  is  a  circumstance  no  less  im- 
portant; yet  evoi  here,  although  we  derive  some  advaa* 
tage  from  remarking  to  which  of  these  forms  of  aggrega- 
ticm  a  substance  belongs,  the  aid  is  but  small.    All  we  can 
do  in  this  want  of  general  principles  is  to  make  experiments 
on  every  dass  of  bodies.    Accordingly  philosophers  have 
endeavoured  to  instruct  the  public  in  this  particular.    The 
Boyal  Sodety  of  London  at  its  very  first  institution  made 
many  experiments  at  their  meetings,  as  may  be  seen  in  the 
first  regbters  of  the  Society.  Several  individuals  have  add- 
ed thdr  experiments.     The  most  numerous  collection  in 
detail  is  by  Muschenbroek,  professor  of  natural  philosophy 
at  Leyden.    Part  of  it  was  published  by  himself  in  his 
Eisaii  de  P^frique^  in  two  vols  4to ;  but  the  ifuU  collec- 
tion is  to  be  found  in  his  System  of  Natural  Philosophy, 
published  after  his  death  by  Lulofs,  in  three  vols  4to. 
This  was  translated  from  the  Low  Dutch  into  French  by 
Sigaud  de  la  Fond,  and  published  at  Paris  in  1760,  and 
is^  a  prodigious  collection  of  phyacal  knowledge  of  all 
kinds,  and  may  almost  suffice  for  a  library  of  natural  phi- 
.  losophy.    But  this  collection  of  experiments  on  the  cobe- 
sicm  of  bodies  is  not  of  that  value  which  one  expects.    We 
presume  that  tUey  were  carefully  made  and  futhfully  nar- 
rated ;  but  they  were  made  on  such  small  specimens,  that 
the  unavoidable  natural  inequalities  of  growth  or  texture 
produced  irregularities  in  the  results  which  bore  too  great 
a  proportion  to  the  whole  quantities  observed.     We  may 
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make  the  cfame  remark  on  the  expc^lfti^td  olf  Caoflbstf 
Pitot,  De  la  Hire,  Du  Hamel;'^  and  others  of  the  Ff&idk 
academy.  In  short,  if  we  except  the  experiments  of  Bof* 
fon  on  die  strength  of  timber,  made  at  the  public  expense 
on  a  large  scale,  there  is  liotfaing  to  be  met  with  Ifipom 
which  we  can  obtiun  absolute  meastites  whidi  may  be  ^tfl* 
ployed  with  confidence ;  and  there  is  nothing  in  tbft  Eng- 
lish language,  except  a  sample  list  by  Emerson,  which  is 
merely  a  set  of  affirmations,  without  any  narration  of  cir- 
cumstances, to  enable  us  to  judge  dP  tlie  validity  of  his 
oonclui^ons :  but  the  (character  of  Mr  Emersdn,  ais  a  mail 
of  knowledge  and  integrity,  gives  even  to  these  asser- 
tions a  considerable  value. 

But  to  make  use 'of  any  experiments,  there  must  be  em- 
ployed some  general  principle  by  which  we  can  generidise 
their  results.  They  will  otherwise  be  only  narrations  of 
detached  facts.  We  must  have  some  notion  of  that  inter- 
medium, by  the  intervention  of  which  an  external  fc^ce  ap- 
plied to  one  part  of  a  lever,  joist,  or  jnllar,  occasions  a 
istrain  on  a  distant  part  This  can  be  nothing  but  the  co- 
hesion between  the  parts.  It  is  this  connecting  force  which 
is  brought  into  action,  or,  as  we  more  shortly  express  it, 
exdted.  This  action  is  modified  in  every  part  by  the  laws 
of  mechamcs.  It  is  this  action  which  is  what  we  call  the 
sirenffth  of  that  part,  and  its  effect  is  the  strain  on  the  ad- 
joining parts ;  and  thus  it  is  the  same  force,  differently 
viewed,  that  constitutes  both  the  strain  and  the  strength. 
When  we  conader  it  in  the  light  of  a  reastance  to  fracture, 
we  call  it  $treng(h. 

We  call  every  thing  B,Jbrce  which  we  observe  to  be  ever 
accompanied  by  a  change  of  motion ;  or,  more  strictly 
speaking,  we  infer  the  presence  and  f^ncy  of  a  force  where- 
ever  we  observe  the  state  of  things  in  respect  of  motion 
different  from  what  we  know  to  be  the  result  of  ihe  action 
of  all  the  forces  which  we  know  to  act  on  the  body.  Thiis 
when  we  observe  a  rope  prevent  a  body  from  falling,  we 
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iofiar  a  moyiog  foree  inbereot  ia  the  lope  with  as  much 
oQttfidrace  aa  when  w^  qbeerve  it  drag  the  body  along  the 
gfouild*  The  tfrnnaiMfo  miction  of  this  force  is  undoubted- 
hf  exerted  befcirecn  tha  immediately  adjoining  parts  of  the 
tope.  The  immediata  effed  is  the  keeping  the  panicles  of 
die  Bope  together.  They  ought  to  separate  by  any  exter- 
aal  Sane  dmmag  the  endil  q£  the  rope  contrariwise ;  and 
ve  aacribe  their  aat  doing  ae  to  a  mechanical  force  really 
oppoongthiamtmial  for^  When  derared  to  give  it  a 
name,  we  name  it  from- what  we  conceive  to  be  its  effect^ 
tfnd  therefore  its  chaiac^ri6tic»  and  we  call  it  cohssion. 
This  is  mesdy  a  oanoe  for  the  fact ;  but  it  is  the  same 
thing  in  jdl  our  den^mhiationd.  We  ioiow  nothing  of  the 
causes  but  in  the  effects;  und  our  name  for  the  cause  is  in 
fact  the  aame  <^  the  effect,  which  is  cohesion.  We  mean 
notlung  else  by  gravitation  or  magnetism.  What  do  we 
mean  when  we  say  that  Newton  understood  thoroughly  the 
nature  of  gravitation,  of  the  force  of  gravitation  ?  or  that 
Franklin  understood  the  nature  of  the  electric  force  P  No- 
thing but  this :  Newton  con^dered  with  patient  sagacity 
the  general  Gusts  of  gravitation,  and  has  described  and 
classed  th^n  with  the  utmost  precision.  In  like  manner, 
W#  shall  understand  the  nature  of  cohe^on  when  we  have 
disoavered  with  equal  generality  the  laws  of  cohesion,  or 
general  facts  which  are  observed  in  the  appearances,  and 
when  we  have  described  and  classed  them  with  equal  ac 
curacy. 

Let  us  th^efore  attend  to  the  more  simple  and  obvious 
phenomena  of  cohesicm,  and  mark  with  care  every  circiim^ 
stance  of  resemblance  by  which  they  may  be  classed.  Let 
us  receive  these  as  the  laws  of  cohesion,  characteristic  of  itb 
supposed  cause,  the  force  of  cohesion*  We  cannot  pretend 
to  enter  on  this  vast  research/  The  modifications  are  in- 
numerable :  and  it  woukl  require  the  penetration  of  more 
than  Newton  to  detect  the  circumstance  of  similarity  amidst 
millions  of  discriminating  circumstances.    Yet  tliis  is  the 
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only  way  of  discovering  which  are  the  primary  facts  dia- 
racteristic  of  the  force,  and  which  are  the  modificatioiis. 
The  study  is  immense,  but  by  no  means  desperate ;  and 
we  entertain  great  hopes  that  it  will  ere  long  be  successfully 
prosecuted :  but,  in  our  particular  predicament,  we  must 
content  ourselves  with  selecting  such  general  laws  as  seem 
to  give  us  the  most  immediate  information  of  the  drcum- 
stances  that  must  be  attended  to  by  the  mechanician  in  his 
constructions,  that  he  may  unite  strength  with  amplicily, 
economy,  and  energy. 

145. 1*  Then,  it  is  a  matter  of  fact,  that  all  bodies  are  in 
a  certain  degree  perfectly  elastic ;  that  is,  when  thar  fixm 
or  bulk  is  changed  by  certain  moderate  compressions  or 
distractions,  it  requires  the  continuance  of  the  changing 
force  to  continue  the  body  in  this  new  state ;  and  when 
the  force  is  removed,  the  body  recovers  its  original  form. 
We  limit  the  assertion-  to  certain  moderate  changes :  fi3r 
'  instance,  take  a  lead  wire  of  one-fifleenth  of  an  inch  in  dia* 
meter,  and  ten  feet  lon^ ;  fix  one  end  firmly  to  the  ceiling, 
and  let  the  wire  hang  peipendicular ;  affix  to  the  lower  end 
an  index  like  the  hand  of  a  watch  ;  on  some  stand  imme- 
diately below  let  there  be  a  circle  divided  into  degrees,  with 
its  centre  corresponding  to  the  lower  point  ci  the  wire : 
now  turn  this  index  twice  round,  and  thus  twist  the  wire. 
When  the  index  is  let  go,  it  Will  turn  backwards  again,  by 
the  wire^s  untwisting  itself,  and  make  almost  four  revolu- 
tions before  it  stops ;  after  which  it  twists  and  untwists 
many  times,  the  index  going  backwards  and  fcnrwards  round 
the  circle,  diminishing  however  its  arch  of  twist  each  time, 
till  at  last  it  settles  precisely  in  its  original  position.  This 
may  be  repeated  for  ever.  Now,  in  this  motion,  every  part 
of  the  wire  partakes  equally  of  the  twist  The  particles 
are  stretched,  require  force  to  keep  them  in  their  state  of 
extension,  and  recover  completely  their  relative  posdtions. 
These  are  all  the  characters  of  what  the  mechanician  calls 
perfict  elasticity.    This  is  a  quaUty  quite  familiar  in  many 
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cases;  as  in  glass,  tempered  steel,  fcc  bat  was  thought  in- 
compelent  to  lead,  whidi  is  genoally  oomidered  as  having 
litde  or  no  elasticity.  But  we  make  the  assertioQ  in  the 
most  gmeral  terms,  with  the  Emitation  to  moderate  de- 
rangement of  SanxL  We  have  made  the  same  experiment 
on  a  thread  of  pipe^ay,  made  by  fisrcing  soft  day  through 
the  small  hole  of  a  syringe  by  means  of  a  screw ;  and  we 
found  it  more  elastic  than  the  lead  wire :  for  a  thread  of 
one-twaitieth  of  an  inch  diameter  and  seven  feet  long  al- 
lowed the  index  to  make  two  tuns,  and  yet  completely  re- 
covered its  first  poflition. 

846.  2.  But  if  we  turn  the  index  of  the  lead  wire  four 
times  round,  and  let  it  go  again,  it  untwists  agtun  in  the 
same  manner,  but  it  makes  little  more  than  four  turns  back 
again ;  and  after  many  osdilations,  it  finally  stops  in  a  po- 
sition almost  two  revolutions  removed  firom  its  original  po- 
sition. It  has  now  acquired  a  new  arrangement  of  parts, 
and  this  new  anrangement  is  permanent  like  the  former ; 
and,  what  is  of  particular  mcmient,  it  is  perfectly  elastic. 
This  change  is  familiarly  known  by  the  denomination  of  a 
SET.  The  wire  is  said  to  have  taken  a  S0T.  When  we 
attend  minutely  to  the  procedure  of  nature  in  this  pheno- 
menon, we  find  that  the  particles  have  as  it  were  slid  on 
each  other,  still  cohering,  and  have  taken  a  new  position, 
in  which  their  connecting  forces  are  in  equilibrio :  and  in 
this  change  of  relative  situation,  it  appears  that  the  con- 
necting forces  which  maintained  the  particles  in  their  first 
situation  were  not  in  equilibrio  in  some  position  interme- 
diate between  that  of  the  first  and  that  of  the  last  form. 
The  force  required  for  changing  this  first  form  augmented 
with  the  change,  but  only  to  a  certain  degree;  and  during 
this  process  the  connecting  forces  always  tended  to  the  re- 
covery of  this  first  form.  But  after  the  change  of  mutual 
position  has  passed  a  certain  magnitude,  the  union  has  been 
partly  destroyed,  and  the  particles  have  been  brought  into 
new  Ntuations ;  such,  that  the  forces  which  now  connect 
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each  wjth  \t^  n^ghbour  tieiid,  not  to  the  recovery  of  the 
£^t  a,rnmgeiaieiit,  but  p  push  them  fiurtber  iToni  it,  into  ^, 
j^yr  f^t^aJ^on^  to  which  they  now  vergp^  fmd  ^eqiure  force 
to  prevent  them  fnnn  acquiring.  The  wiie  is  now  in 
fact  again  perfectly  ehistic;  thai  is,  the  forces  whidi 
now  eonneet  the  particles  with  their  neighbours  augment 
^,  9  certain  degree  as  the  derangement  from  this  new  po;- 
sition  augments.  Thb  is  pot  reasoning  from  any  theory. 
It  is  narrating  facts,  on  which  a  theory  is  to  be  founded. 
What  we  have  been  just  now  spying  is  evidently  a  descrip- 
tion of  that  sensible  form  of  tangible  matter  which  we  call 
ductiGiy.  It  has  every  gradation  of  variety,  from  the  soft- 
ness of  butter  to  the  firmness  of  gold.  All  these  bodies 
have  some  elastidty ;  but  we  say  they  are  not  perfectly 
elastic,  because  they  do  not  completely  recover  their  <aigi- 
nal  form  whai  it  has  been  greatly  damaged.  The  whole 
gradatipn  may  be  most  distinctly  observed  in  a  piece  of 
glass  or  hard  sealing-wax.  In  the  ordinary  fo^ia  glass  is 
perhiqps  the  mosat  pompletely  elastic  body  that  we  know, 
,and  may  be  bent  till  jqst  ready  to  snap,  and  yet  complete- 
ly recovers  its  first  form,  and  takes  no  set  whatever  i  but 
when  heated  to  such  a  degree  as  -just  to  be  visible  in  the 
dark,  it  loses  its  brittleness,  and  becomes  so  tough  that  it 
cannot  be  broken  by  any  blow  ;  but  it  is  no  longer  elastic^ 
takes  any  set,  and  keeps  it.  When  moreheated,  it  becomes 
as  plastic  as  clay ;  but  in  this  state  is  remarkably  distin- 
guished from  day  by  a  quality  which  we  call  viscidity, 
which  is  something  like  dastidty,  of  which  day  and  other 
bodies  purely  plastic  exhibit  no  appearance.  This  is  the 
joint  operation  of  strong  adhesbn  and  softness.  When  a 
rod  of  perfectly  soft  gla^  b  suddenly  stretched  a  little,  it 
does  not  at  once  take  the  shape  which  it  acquires  after  some 
little  time.  It  is  owing  to  this,  that  in  taking  the  impres- 
sbn  of  a  seal,  if  we  take  off  the  seal  while  the  wax  is  yet 
very  hot,  the  sharpness  of  thc^  impression  is  destroyed  im- 
mediatdy.    Each  part  drawing  its  neighbour,  and  each 


Digitized  by  VjOOQIC 


8TRBV6TH  OF  MATVUI^UU  87? 

pttrt  j^ddiog,  the  pioBunent  piarto  are  pulled  doim  and 
Uuiited,  and  the  sharp  bpUows  are  pulled  upwards  asid 
also  blvitod.  Th^  9eal  muat  be  kept  on  till  all  has  beoqpie 
not  only  alaff  but  bard. 

TUui  vifciditjr  is  to  be  obsenred  in  all  pl^urtic  bqdies 
which  are  bonogeneous.  It  is  not  observed  in  fh^,  be- 
cause it  is  not  homqgeneous,  but  oonsists  of  hard  partides 
of  aigillaoeous  earth  sticking  togiedier  \fj  their  attraction 
fer  water.  Something  like  it  might  be  made  of  finely  pow- 
dered glass  and  a  olamray  fluid  such  as  turpentine.  Vis- 
dbdily  has  all  degrees  of  softness  till  it  degenerates  to  ropy 
fluidity  like  that  of  olive  oil.  Perhaps  something  of  it  may 
be  found  even  in  the  most  perfect  fluid  that  we  are  ac- 
quainted with,  as  we  observed  in  the  experiments  for  as-' 
certaining  specific  gravity. 

There  is  ip  a  late  volume  of  the  Philosophical  Transac- 
tions a  narrative  of  experiments,  by  which  it  appears  that 
the  thread  of  the  spider  is  an  exception  to  our  first  general 
law,  and  that  it  is  perfectly  ductile.  It  is  there  asserted, 
diat  a  Icsag  thread  of  gossamer,  furnished  with  an  index, 
takes  any  poation  whatever;  and  that  though  the  index 
be  tamed  round  any  number  of  times  (even  many  hun- 
dreds), it  has  no  tendency  to  recover  its  first  form.  The 
thread  takes  completely  any  set  whatever.  We  have  not 
had  an  opportunity  of  repeating  this  experiment,  but  we 
have  distipctly  observed  a  phenomenon  totally  inconsist^t 
with  it  If  a  fibre  of  gossamer  about  an  inch  long  be  heU 
by  the  end  horisontally,  it  bends  downward  in  a  curve, 
lake  a  slender  slip  of  whalebone  or  a  hair.  If  totally  devoid 
of  elasticity,  and  perfectly  indifliBr^it  to  any  set,  it  would 
hang  down  perpendicularly  without  any  curvature. 

When  ductility  and  ebistidty  are  combined  in  difieprent 
proportions,  an  immense  variety  of  sennUe  modes  of  ag- 
gregation may  be  produced.  Some  degree  of  both  are  pro- 
bably to  be  observed  in  all  bodies  of  complex  constitution ; 
that  is,  wbich  consist  of  particles  made  up  of  many  differ- 
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ent  kinds  of  atoms.    Sudi  a  constitcition  of  a  body  must 
afford  many  situations  permanent,  but  easily  deranged. 

In  all  diese  changes  of  dispoation  which  take  place 
among  the  particles  of  a  ductile  body,  the  particles  are  at 
such  a  distance  that  they  still  cohere.  The  body  may  be 
stretched  a  little ;  and  on  removing  the  extending  force, 
the  body  shrinks  into  its  first  form.  It  also  resists  mode- 
rate compressions ;  and  when  the  compressing  force  is  re^ 
moved,  die  body  swells  out  again.  Now  the  corpuscular 
jfbe^  here  is,  that  the  particles  are  acted  on  by  attractions 
and  repulsions,  which  balance  each  other  when  no  external 
force  is  acting  on  the  body,  and  which  augment  as  the  par- 
ticles are  made,  by  any  external  cause,  to  recede  from  this 
ffltuation  of  mutual  inactivity ;  for  since  force  is  requisite 
to  produce  either  the  dilatation  or  the  compression,  and  to 
maintain  it,  we  are  obliged,  by  the  constitution  of  our 
minds,  to  infer  that  it  is  opposed  by  a  force  accompanying 
or  inherent  in  every  particle  of  dilatable  or  compressible 
matter ;  and  as  this  neoesaty  of  employing  fotce  to  produce 
a  change  indicates  the  agency  of  these  corpuscular  forces, 
and  marks  their  kind,  according  as  the  tendencies  of  the 
particles  appear  to  be  toward  each  other  in  dilatation,  or 
from  each  other  in  compression ;  so  it  also  measures  the 
degrees  of  their  intensity.  Should  it  require  three  times 
the  force  to  produce  a  double  compression,  we  must  reckon 
the  mutual  repulsions  triple  when  the  compression  is 
doubled ;  and  so  in  other  instances.  We  see  from  all  this 
that  the  phenomena  of  cohenon  indicate  some  relation  be- 
tween the  centres  of  the  particles.  To  discover  this  rela> 
tion  is  the  great  problem  in  corpuscular  mechanism,  as  it 
was  in  the  Newtonian  investigation  of  the  force  of  giavita* 
tion.  Could  we  discover  this  law  of  acdon  between  the 
corpuscles  with  the  same  certainty  and  distinctness,  we 
might  with  equal  confidence  say  what  will  be  the  result  of 
any  pontion  which  we  give  to  the  particles  of  .bodies ;  but 
this  is  beyond  our  hopes.  The  law  of  gravitation  is  so  ample. 
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that  the  diflocnrery  or  detectioa  of  it  amid  the  variety  of  ce- 
lestial phenomena  required  but  one  step ;  and  in  its  own 
nature  its  possible  combinations  still  do  not  greatly  exceed 
the  powers  of  human  research*  One  is  almost  disposed  to 
say  that  the  Supreme  Bong  has  exhilnted  it  to  our  reason- 
ing powers  as  sufficient  to  employ  with  success  our  utmost 
eflbrts,  but  not  so  abstruse  as  to  discourage  us  from  the 
noble  attempt.  It  seems  to  be  otherwise  with  respect  to 
cohesion.  Mathematics  infcnrms  us,  that  if  it  deviates 
sensibly  finom  the  law  of  gravitation,  the  simplest  combina- 
tions will  make  the  joint  action  of  several  pertides  an  al- 
most impenetrable  mystery.  We  must  therefore  content 
ourselves,  for  a  long  lime  to  come,  with  a  careful  observa- 
tion of  the  simplest  cases  that  we  can  propose,  and  with 
the  discovery  of  secondaiy  laws  of  action,  in  which  many 
particles  combine  thdr  influence.  In  pursuance  of  this 
plan,  we  observe, 

347.  S.  That  whatever  is  the  situation  of  the  particles  of  a 
body  with  respect  to  each  other,  when  in  a  quiescent  state, 
they  are  kept  in  these  situations  by  the  balance  of  oppoflite 
forces.  This  cannot  be  refused,  nor  can  we  form  to  our- 
selves any  other  notion  of  the  state  of  the  particles  of  a 
body.  Whether  we  suppose  the  ultimate  particles  to  be  of 
certain  magnitudes  and  shapes,  touching  each  other  in 
nngle  points  of  cohesion ;  or  whether  we  (with  Boscovich) 
consider  them  as  at  a  distance  from  each  other,  and  acting 
on  each  other  by  attractions  and  repulsions— we  must  ac- 
knowledge, in  the  first  place,  that  the  caatres  of  the  parti- 
cles (by  whose  mutual  distances  we  must  estimate  the  dis- 
tance of  the  particles)  may  and  do  vary  their  distances 
from  each  other.  What  else  can  we  say  when  we  observe 
a  body  increase  in  length,  in  breadth,  and  in  thickness,  by 
heating  it,  or  when  we  see  it  diminish  in  all  these  dimen- 
sions by  an  external  compression  ?  A  particle,  therefore, 
situated  in  the  midst  of  many  others,  and  remaining  in 
that  situation,  mast  be  concaved  as  maintained  in  it  by 
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the  mutual  balancing  of  nil  the  forces  w|iJMJi  connect  it  with 
its  neighboun.    It  is  like  a  ball  kept  in  its  plaoe  by  the 
opposite  action  of  two  springs*    This  iUusttatioa  merits  a 
more  pafrtioular  application.     Sujqfiose  a  nmpber  of  baUi 
ranged  on  the  table  in  the  angles  of  equilateral  triangles^ 
and  that  each  ball  IS  connected  with  the  six  wlw^i  lie  around 
it  by  means  of  an  dastic  wire  curled  like  a  oork-screw ; 
suppose  such  another  stratum  of  baUs  above  this,  and  pm 
raM  to  ity  and  so  placed  that  each  ball  of  the  upper  strsr 
tum  is  perpendicularly  over  the  centre  of  the  equilateral 
triangle  below,  and  let  these  be  connected  with  th^  balls  of 
the  under  stratum  by  similar  spiral  wires.    Let  there  be  a 
ibkd  and  a  fourth,  and  any  number  of  such  strata,  all  con« 
nected  in  the  same  manner.    It  is  plain  that  this  may  ex- 
tend to  any  size  and  fill  any  space.— Now  let  this  assem- 
bhige  of  balls  be  firmly  contemplated  by  the  ifiiaginaticm, 
and  be  supposed  to  shrink  continually  in  all  its  dimensions, 
till  the  balls,  and  their  distances  from  each  other,  and  the 
connecting  wires,  all  vanish  fix>m  the  sight  as  discrete  indi- 
vidual objects.    All  this  is  v^  conceivable.    It  will  now 
appear  like  a  solid  body,  having  loigth,  breadth,  and 
thickness ;  it  may  be  comjHressed,  and  will  again  resume 
its  dimensions ;  it  may  be  stretched,  and  will  again  shrink ; 
it  will  move  away  when  struck ;  in  short,  it  will  not  differ 
in  its  senrible  appearance  from  a  solid  elastic  body.    Now 
when  this  body  is  in  /i  state  of  compresmn,  for  instance,  it 
is  evident  that  any  one  of  the  balls  is  at  rest,  in  conse- 
quence of  the  mutual  balancing  of  the  actions  of  all  the 
spiral  wires  which  connect  it  with  those  around  it.     It 
will  greatly  conduce  to  the  full  understanding  of  all  that 
follows  to  recur  to  this  illustration.    The  analogy  or  re- 
semhlance  between  the  effects  of  this  constitution  of  things 
and  the  effects  of  the  corpuacular  forces  is  yery  great ;  and 
wherever  it  obtains,  we  may  safely  draw  conclusions  from 
what  we  know  would  be  the  condition  of  a  body  of  com- 
mon tangible  matter.    We  shall  just  give  one  instructive 
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example,  and  tben  halre  doiie  irith  this  liypbtfaetical  body. 
We  can  sappoee  it  of  a  long  shape,  resting  cm  one  pdpt ; 
we  can  suppose  two  wmgbts  A,  B^  suspended  at  die  ex*^ 
tiemities,  and  the  whole  in  equilibrio.  We  comiaxndy  ex- 
press tins  stale  6f  things  by  sajriiig  that  A  and  B  Iffe  in 
equilibrio.  This  is  very  inaccurate.  A  is  in  ftct  in  equi^ 
librio  with  the  united  aetkm  of  all  the  springs  which  con- 
nect the  ball  to  which  it  is  a|^Ked  with  the  adjoining  ballsi 
These  springs  are  brought  into  action,  and  each  is  in  equi^ 
librio  with  the  joint  action  of  all  the  rest  Thus  through 
the  whole  extent  of  the  hypothetical  body,  the  springs  Are 
btought  into  action  in  a  way  and  in  a  degree  which  niathe» 
matics  can  easily  investigate.  We  need  not  do  this :  it  is 
enough  for  our  purpose  that  our  ima^nation  readily  dla- 
covers  that  some  springs  are  stretched,  odiers  are  compressi- 
ed,  and  thaf  a  pressure  is  excited  on  the  niiddle  ptrint  of 
support,  and  the  suppc^t  exerts  a  reaction  which  precisely 
balances  it ;  and  the  other  wdght  is,  in  like  manner,  in  im-^ 
mediate  equilibrio  with  the  equivalent  of  the  actions  of  all 
the  springs  which  connect  the  last  ball  with  its  neighbours; 
Now  take  the  analo^cal  or  resembling  case,  an  oblong 
piece  of  solid  matter,  resting  oh  a  iiilcruni,  and  loaded 
with  two  weights  in  equilibrio.  For  the  actions  of  the  con- 
necting springs  substitute  the  corpuscular  forces,  and  the , 
result'Will  resemble  that  of  the  hypothesis. 

Newton  had  said,  that,  as  the  great  movements  of  the 
solar  system  were  reguUited  by  forces  operating  nt  a  dis- 
tance, and  varying  with  the  distance,  so  he  strongly  sus- 
pected (valde  ffiipicar)  that  all  the  phenomena  of  cbhfesaoo, 
with  all  its  modifications  in  the  difibrent  sensible  forms  of 
aggregation^  and  in  the  phenomena  of  chemistry  and  phy- 
siology, resulted  from  the  similar  agency  of  forces  varying 
with  the  distance  of  the  particles.  The  learned  Boscovich, 
in  Ins  celebrated  Theory  of  Natural  Philosophy,  pur- 
sued this  thought ;  and  has  shown,  that  if  we  suppose  an 
ultimate  atom  of  matter  endowed  with  powers  of  attraction 
and  repulsion,  varying,  both  in  kind  and  degree,  with  the 
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distance,  and  if  this  force  be  the  same  in  every  atom^  it 
may  be  regulated  by  such  a  relation  to  the  distance  frcxm 
the  naghbouring  atom,  that  a  collection  of  such  may  have 
all  the  sennble  appearance  of  bodies  in  tbar  different  forms 
of  solids,  liquids,  and  vapours,  elastic  or  unelastic,  and  en- 
dowed with  all  the  properties  which  we  porceive,  by  whose 
immediate  operation  the  phenomena  o£  motion  by  impulse, 
and  all  the  phenomena  of  chemistry,  and  of  animal  and 
vegetable  economy,  may  be  produced.  He  shows,  that 
notwithstanding  a  perfect  sameness,  and  even  a  great  am- 
plidty  in  this  atomical  constituticHi,  there  will  result  from 
this  union  all  that  unspeakable  variety  of  form  and  proper- 
ty which  diversify  and  embellish  the  face  of  nature. 
Having  already  given  an  account  of  this  celebrated  work,  we 
mention  it  only,  by  the  bye,  as  far  as  a  general  notion  of  it 
will  be  of  some  service  on  the  present  occasion.  F<Hr  this  pur- 
pose, we  just  observe  that  Boscovich  conceives  a  particle  of 
any  individual  species  of  matter  to  consist  of  an  unknown 
number  of  particles  of  simpler  constitution ;  each  of  which 
particles,  in  their  turn,  is  compounded  of  particles  suU  more 
simply  constituted,  and  so  on  through  an  unknown  number 
of  orders,  dU  we  airiveat  the  simplest  posdble  constitution  of 
a  particle  of  tangible  matter,  susceptible  of  length,  breadth, 
and  thickness,  and  necessarily  consisting  of  four  atoms  of 
matter.  And  he  shows  that  the  more  complex  we  suppose 
the  constitution  of  a  particle,  the  more  must  the  sensible 
qualities  of  the  a^;regate  resemble  the  observed  qualities 
of  tangible  bodies.  In  particular,  he  shows  how  a  particle 
may  be  so  constituted,  that  although  it  act  on  <xie  other 
particle  of  the  same  kind  through  a  ccmnderable  interval, 
the  interposition  of  a  third  particle  of  the  same  kind  may 
render  it  totally,  or  almost  totally,  inactive;  and  therefore 
an  assemblage  of  such  particles  would  form  such  a  fluid  as 
aSat.  All  these  curious  inferences  are  made  with  incontro- 
vertible  evidence ;  and  the>greatest  encouragement  is  thus 
given  to  the  mathematical  philosopher  to  hope,  that,  by 
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cautioas  and  patient  proceeding  in  this  way,  we  may  gra- 
dually approach  to  a  knoidedge  of  the  laws  o£  cohesion, 
that  will  not  shun  a  comparison  even  with  the  Principia 
of  Newton.  No  step  can  be  made  in  this  investigationy  but 
by  observmg  with  care,  and  generaHang  with  judgment, 
the  phenomena,  which  are  abundantly  numerous,  and 
much  more  at  our  command  than  those  of  the  great  and 
sensible  motions  of  bodies.  Fdlowing  this  plan,  we  ob- 
serve, 

348b  4.  It  is  matterof  fact,  that  every  body  has  some  d^^ree 
of  compressibility  and  diktability ;  and  when  the  changes 
of  dimension  are  so  moderate  that  the  body  completely 
recovers  its  original  dimensbns  on  the  cessation  of  the 
dianging' force,  the  extensions  or  compresnons  are  sensibly 
proportional  to  the  extending  or  compressing  forces;  and 
therefore  the  connedmgjbrcu  are  proportional  to  the  J&s* 
tances  of  the  pofrtkles  from  Hmt  quiescent,  neuiraly  or 
inactive  positions.  This  seems  to  have  been  first  viewed 
as  a  law  of  nature  by  the  penetrating  eye  of  Dr  Robert 
Hooke,  one  of  the  most  eminent  philosophers  of  the  last 
century.  He  published  a  cipher,  which  he  said  contained 
the  theory  of  springiness,  and  of  the  moticms  of  bodies  by 
the  action  of  springs.  ItiruBiixi^ceiiinossstiuu.^^ 
When  explained  in  his  dissertation,  published  some  years 
after,  it  was  tUMnsio  sic  vis.  This  is  precisely  the  propo- 
ntion  just  now  asserted  as  a  general  fact,  a  law  o£  nature. 
This  dissertatbn  is  full  of  curious  observations  of  fiicts  in 
support  of  his  assertion.  In  his  a{qfilication  to  the  motion 
of  bodies,  he  gives  his  noble  discovery  of  thci  balance-spring 
of  a  watdi,  which  is  founded  cm  this  law.  The  spring,  as 
it  w  more  and  more  coiled  up,  or  unwound,  by  the  motion 
of  the  balance,  acts  on  it  with  a  &rce  proportional  to  the 
distance  of  the  balance  from  its  quiescent  position.  The 
balance  therefore  is  acted  on  by  an  accelerating  force, 
which  varies  in  the  same  manner  as  the  force  of  gravity 
acting  on  a  pendulum  swinging  in  a  eyelid.  Its  vibrations 

Digitized  by  VjOOQIC 


8M  ffrttmm  ov  MAntULs. 

thtsiffufe  initst  be  perfonncd  m  equal  tune)  whether  they 
me  wide  or  narrow.  In  the  iailie  dincrtadon,  Hooke  men- 
tknis  all  the  facts  which  John  Bernoulli  afterwordB  adduced 
hi  support  of  Ldbnitz'B  wfaisndcal  doctrine  of  the  force  of 
bodies  in  motion,  or  the  doctrine  of  the  vires  vme ;  a 
doetrine  wUdi  Hooke  might  justly  have  claimed  as  his 
own,  had  he  not  seen  its  futility. 

Experiments  made  once  the  time  of  Hooke  show  that 
this  hw  is  strictly  true  in  the  extent  to  which  we  have 
limited  it,  vie.  in  all  the  dianges  of  form  which  will  be 
completely  undone  by  the  elasticity  of  the  bpdy.  It  is 
neariy  true  to  a  mudi  greater  extent.  James  Bemoul^ 
in  his  dissertation  on  the  dastic  curve,  Ydates  some  experi- 
ments of  his  own,  which  seem  to  deviate  considerably  fitnn 
it ;  but  on  close  ffxaminatinti  they  do  not  The  finest  ex*- 
periments  are  those  of  Coulomb,  published  in  some  late 
volumes  of  the  memoirs  of  the  Academy  of  Paris.  He 
suspended  balls  by  wires,  and'  observed  their  motions  of 
osdllation,  which  he  found  accurately  corresponding  with 
this  law. 

349. 5.  It  is  umversidly  observed,  that  when  thedilatetions 
have  proceeded  a  certain  length,  a  less  additkHi  of  force  is 
sufficient  to  increase  the  dilatation  in  the  same  degree 
This  is  always  observed  when  the  body  has  been  so  fikk* 
stretched  that  it  takes  a  set,  and  does  not  completely  m- 
oover  its  torn.  The  Uke  may  be  generally  observed  in 
compressions*  Most  persons  will  recollect,  that  in  violent- 
ly stretching  an  elastic  cord,  it  becomes  suddenly  weaker, 
or  more  eaoly  stretched*  But  these  phenomena  do  not 
positively  prove  a  diaunution  of  the  corpuscular  fotee  act- 
ing cm  one  partide :  it  more  probably  arises  from  the  dis* 
union  of  some  particles,  whose  action  contrHmted  (o  the 
whole  or  sensible  eifeot  And  in  compressbna  we  may 
suppose  something  of  the  same  kind ;  for  when  we  com* 
press  a  body  in  one  direction,  it  commonly  bulges  out  in 
another ;  and  in  cases  of  very  violent  action  some  particles 

Digitized  by  VjOOQIC 


SXMSHVn  Of  KAUMMA  SSS 


nny  be  dinmitid^  wkoae  mumrcrae  aolion  kad  fioniMily 
hahngwipgyi  of  the  compwiiiiig  fawm  Ibi  the  feide^ 
^  ^  on  Befleetioii,  that  nooe  the  oompmsmi  m  cue 
the  body  to  bnlge  out  in  the  trannrevse 
ttDce  this  bnlgipg  oat  is  in  oppottiion'ti^ 
the  tiamvinse  fciwi  of  ettnwtion,  it  muflt  eDipk^  some' 
part  of  theocmppeeabg  foief>  And  the  conmon  cppeer- 
aneoe  are  ib  poffot  uniftmnitip  widi  this  eonocp^oii  of 
dnagB.  When  we  pieit*  bit  of  dfyiflhoiaj,  it  swells  <mt 
and  cfadeatauiivceseiy*  When  a  pUar  of  wood  ie  oret^ 
leaded,  it  sivells  out,  and  flUHdl  erenoes  appear  in  the  dSrec- 
tioM  of  the  fibres.  After  tUe  it  wiH  not  bear  bitf  of  the 
ktd.  Thb  ^  earpctttere  eall  cnirrLnfO  t  and  a  know- 
kdgeof  the  cifoiimtaneee  which  modify  it  is  of  great  in- 
portaiiee,  and  esaUes  us  to  understand  some  very  para- 
dosncal  appearanees,  as  will  be  shown  bj  and  bye. 

Thie  partial'  disuniting  of  partieles  fcrmerlj  cohering  is, 
we  imagbe,  the  oUef  reason  why  the  totality  of  the  forces 
wMcb  really  oppose  an  esfenud  stnun  does  not  increase  in 
the  proportion-  of  the  extennone  and  eompressidns.  But 
sdBeient.endenoe  wSt  also  be  pifen  that  the  ftvrces  which 
would  connect  one  particle  wM^  one  ether  partiete  do  not 
augaaent  in  the  aoourate  pmpertien  of  the  change  of  dis- 
tanee';  that  in  extemnons  they  nioreese  more  slowly,  and 
in.  compressions  more  rapidfy. 

tint  th^re  is  another  cause  of  this  deviation  perhaps 
equaHhf  effectual  wiA  the  former.  Most  bodies  mamfest 
some  degree  of  ductility.  Now  what  is  this  ?  The  fiict  is, 
that  the  parts  bave  takei^  a  hew  arrangement,  in  which- 
they  again  cohere.  Therefore,  in  the  passage  to  this  new 
atrangement,  the  sennUe  forees,  which  are  iJie*  joint  result 
of  many  eorpusonlar  forces,  begin  to  respect  tins  new  ar« 
rangement  instead  of  the  former.  This  must  change  Ae 
timpte  law  of  corpuscular  force,  cliaracteristic  of  the  partt- 
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cular  spedes  of  matter  under  cxaminatioii.  It  does  not  re* 
quire  much  reflection  to  convince  us  that  the  posfliUe  ar- 
rangements which  the  parddes  of  a  body  vtBaj  acquire, 
without  appearing  to  change  \beir  nature,  must  be  more 
numerous  according  as  the  particles  are  of  a  more  complez 
constitution ;  and  it  is  reasonable  to  suppose  that  the  con- 
stitution  of  even  the  most  ample  kind  of  matter  that  we 
are  acquainted  with  is  exceedingly  complez.  Our  micro* 
scopes  show  us  animals  so  minute,  that  a  heap  of  them 
must  appear  to  the  naked  eye  an  uniform  mass  with  a 
grain  finer  than  that  of  the  finest  marble  or  rasor  hone; 
and  yet  eadi  of  these  has  not  only  limbs,  but  bones,  mus- 
cular fibres,  blood-vessels,  fibres,  and  a  blood  consistitag^ 
in  all  probability,  of  gkibules  cvganized  and  coimfieL  like 
our  own*  The  ima^nation  is  here  lost  in  wonder ;  and 
nothing  is  left  us  but  to  ad<xe  inconceivable  art  and  wis- 
dom, and  to  exult  in  the  thought  that  we  are  the  only 
spectators  of  this  beautiful  scene  who  can  derive  pleasure 
from  the  view,  yfhat  is  trodden  under  foot  with  indif- 
ference, even  by  the  half*reasoning  elephant,  may  be  made 
by  us  the  source  of  the  purest  and  most  unmixed  pleasure. 
But  let  us  proceed  to  observe, 

360. 6.  That  the  farces  which  connect  the  particles  of  tan^ 
^ble  bodies  change  by  a  change  of  distanoei  not  only  in  de^ 
gree,  but  also  in  kind.  A  particle  B,  Fig.  1,  is  attracted  by 
A  when  in  the  dtuation  C  or  E.  It  is  repelled  by  it  whoi 
at  D  or  F.  It  is  not  affected  by  it  when  in  the  situation 
B.  The  reader  is  requested  carefully  to  remark,  that  this 
b  not  an  inference  founded  on  the  authority  of  our  mathe- 
matical figure.  The  figure  is  an  expression  (to  assist  the 
imagination)  of  facts  in  nature.  It  requires  no  force  to 
keep  the  particles  of  a  body  in  th^  quiescent  situations : 
but  if  they  are  separated  by  stretching  the  body,  they  en- 
deavour (pardon  the  figurative  expression)  to  come  to* 
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gether^gaiiL  If  they  are  brought  nearer  by  compreiaioii, 
they  endeavour  to  recede.  This  endeavour  is  manifested 
by. the  necessity  of  emfdoying  force  to  maintain  the  exten- 
aon  or  condensation ;  and  we  represent  this  by  the  differ* 
ent  position  of  our  lines.  But  this  is  not  all :  the  particle 
B,  which  is  repelled  by  A  when  in  the  situation  F  or  D, 
is  neutral  when  at  B,  and  is  attracted  when  at  C  or  £,  may 
be  placed  at  such  a  distance  AG  from  A  greater  than  AB 
that  it  shall  be  again  repelled,  or  at  such  a  distance  AH 
that  it  shall  again  be  attracted ;  and  these  alteraticms  may 
be  repeated  again  and  again.  This  is  curious  and  import- 
ant, and  requires- something  more  than  a  bare  assertitm  for 
its  proof. 

We  have  already  montioned  the  most  curious  and  valu- 
able observations  of  Sur  Isaac  Newton,  by  which  it  appears 
that  light  is  thus  altemately  attracted  and  repelled  by 
bodies.  The  rings  of  colour  which  appear  between  the 
objects-glasses  oF  long  telescopes  showed,  that  in  the  small 
interval  oF  nA^pth  of  an  inch,  there  are  at  least  an  hundred 
such  changes  observable,  and  that  it  b  highly  probable 
that  these  alternations  extend  to  a  much  greater  distance. 
At  (me  of  these  distances  the  light  actually  convierges  to- 
wards the  solid  matter  of  the  glass,  which  we  ezpras 
shortly,  by  saying  that  it  is  attracted  by  it,  and  that  at  the 
n^t  distuice  it  declines  from  the  glass,  or  is  repelled  by  it* 
The  same  thing  is  more  amply  inferred  from  the  pheno- 
mena of  light  pasong  by  the  edges  of  knives  and  other 
opaque  bodies.  We  refer  the  reader  to  the  experiments 
themselves,  the  detail  being  too  long  for  this  place;  and 
we  request  him  to  consider  them  minutely  and  attentively, 
and  to  form  distinct  notions  of  the  inferences  drawn  from 
them.  And  we  desire  it  to  be  remarked,  that  although  Sir 
Isaac,  in  hb  discusaon,  always  considers  light  as  a  set  of 
corpuscles  moving  in  free  space,  and  obeying  the  actions  of 
external  forces  like  any  other  matter,  the  particular  condu* 
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>  non ;  and  the  oommuiwmtioa  of  motion  is  accomplished  ia 
both  cases  in  precisely  the  same  manner. 

S68.  The  simplest  particle  which  can  be  a  constituent  of 
a  body  having  length,  breadth,  and  thickness,  must  conast 
of  four  such  atoms,  all  of  which  comUne  their  influence  on 
each  atom  of  another  such  particle.  It  is  evident  that  the 
curve  which  expresses  the  forces  that  connect  two  such 
pertides  must  be  totally  different  from  this  ori^nal  curve, 
this  hylarchic  principle.  Supposing  the  last  known,  our 
mathematical  knowledge  is  quite  able  to  discover  the  first ; 
but  when  we' proceed  to  compose  a  body  of  particles^  each 
of  which  conosts  of  four  such  particles,  we  may  venture  to 
say,  that  the  compound  force  which  omnects  them  is.  al- 
most beyond  our  search,  and  that  the  discovery  of  the  pri- 
mary force  from  an  accwraU  knowledge  of  the  corpuscular 
f(»oes  of  Hm  particular  matter  is  absolutely  out. of  our 
power# 

All  that  we  can  learn  is,  the  posability,  nay  the  certain- 
ty, of  an  innumerable  variety  of  external  sensible  fonods 
Mid  qualities,  by  which  different  kinds  of  matter  will  be 
distinguished,  arising  from  the  number,  the  order  of  eom- 
pootion,  and  the  arrangement  of  the  subordinate  particles 
of  which  a  particle  of  this  or  that  kind  of  matter  is  coin- 
posed.  All  these  varieties  will  take  place  at  those  small 
and  insensible  distances  which  are  between  A  and  H,  and 
may  produce  all  that  variety  which  we  observe  in  the  tan- 
gible or  mechanical  forms  of  bodies,  such  as  elasticity, 
ductility,  hardness,  softness,  fluidity,  v^x)ur,  and  all  those 
unseen  motions  at  actions  which  we  observe  in  fusion  and 
congelation,  evaporalion  and  condensation,  solutiim  imd 
precipitation,  crystallization,  v^etable  and  animal  asaimi* 
lation  and  secretion,  &c.  &c.  &c.  while  all  bodies  must  be, 
in  a  certain  d^rree,  elastic,  all  must  gravitate,  and  all  must 
be  inoompenetrable. 

This  general  and  satisfactory  rasemblanee  between  the 
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iqppeKanoe  of  tangible  matter  and  the  legitimate  ocmse- 
quenoe  of  this  gmeral  hypothetical  property  of  an  atom  of 
matter,  affiirds  a  considerable  probability  that  such  is  the 
ori^  of  all  the  phenomena.  We  earnestly  recommend  to 
our  readers  a  car^id  perusal  of  Bosooi^^s  celebrated 
treatise.  A  careful  perusal  is  necessary  for  seeing  its  va- 
lue ;  and  nothing  will  be  got  by  a  hasty  look  at  it.  The 
reader  will  be  particularly  pleased  with  the  fadihty  and 
evidence  with  which  the  ingenious  author  has  deduced  all 
the  ordinary  principles  of  mechanics^  and  with  the  explana- 
tion which  he  has  given  of  fluidity,  and  his  deduction  from 
thence  of  the  laws  of  hydrostatics.  No  part  of  the  treatise 
is  more  valuable  than  the  doctrine  of  the  propagation  of 
pressure  throu^  soKd  bodies.  This,  however,  is  but  just 
touched  on  in  the  course  of  the  investigation  of  the  princi- 
ples of  mechanics.  We  shall  borrow  as  mudi  as  wUl  suf- 
fice for  our  present  inquiry  into  the  strength  of  materiab ; 
and  we  trust  that  our  readers  are  not  displeased  with  this 
general  sketch  of  the  doctrine  (if  it  may  be  so  called)  of 
the  cohenon  of  bodies.  It  is  curious  and  impcHtant  in  it- 
self, and  is  the  foundation  of  all  the  knowledge  we  can  ac- 
quire of  the  pnesent  article.  We  are  sorry  to  say  that  it  is 
as  yet  a  new  subject  c£  study.;  but  it  is  a  very  promising 
one,  and  we  by  no  means  despair  of  seeing  the  whole  of 
chemistry  brought  by  its  means  within  the  pale  of  medbani- 
cal  science.  The  great  and  distinguishing  agency  in  die- 
mistry  is  heat,  cm:  fire  the  cause  of  heat;  and  one  of  its 
most  singular  effects  is  the  conversion  of  bodies  into  elastic 
vapour.  We  have  the  dearest  evidenpe  that  thb  is  brought 
about  by  mechanical  forces :  for  it  can  be  opposed  or  pre- 
vented by  external  pressure,  a  very  fiuniliar  mechanical 
fc»oe.  We  may  perhaps  find  another  mechanical  force 
which  will  prevent  fuaon. 

Having  now  made  our  readers  familiar  with  the  mode 
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of  action  in  which  ooheaion  operates  in  giving  steengdi  -  ta 
solid  bodies,  we  proceed  to  oonsideir  the  stnfins  to  wkioli 
Ibis  stmigth  is.oppoB«L 

'    A  pieoe  of  solid  matter  is  exposed,  to  ftur  kinds  <^  straiiuiy 
ptetfy  diffeMvt  in  the  manner  of  their  qieration. 

1.  It  may  be  torn  asunder^  as  in  ttie  tsai^  of  riipei;^ 
stretchers,  Idnguposts,  tye-beam^  ttc. 

2.  It  Biay  be  crushed^  as  in  the  «ftse  of  pilfars,  j^oats^ 
and  tmta-beems.  . 

8.  It  may  be  broken  achMs,  as  happens  to  a  joist  or 
leverof  any  kind* 

4.  It  inay  be  wrenched  or  twisted,  as  in  the  case  of  die 
axle  of  a  wheel,  the  nail  of  a  press^  &c* 

I.  It  may  be  pulled  asunder. 

SJ&  This  is  (he  simplest  of  all  strains,  and  the  others  Ae 
indeed  mocKfio^tioos  of  it*  To  this  the  force  of  coherion  is 
ditedSff  Q^posdd,  with  yery  little  modification  of  its  action 
fay  tany  particular  oireumstaiioes. 

Whena  long  <7liadrical  or  prismatie  body,  such  as  a 
rod  of  wood  dr  kneftal,  or  a  rope,  is  drawn  by  one  end,  it 
miBt  be  relisted  at  the  other,  in  order  to  bring  its  eohenon 
into  action.    When  it  is  fastened  at  one  end,  we  oannot 
ooneeive  it  any  olher  way  than  as  eqoally  stretched  in  all 
its  parts ;  tot  all  our  obserrations  and  experiments  on  mu 
tnral  bodies  concur  m  showing  us  that  the  forces  which 
connect  their  particles,  in  any  way  whatever,  are  eqpial  and 
opposite.    This  is  called  the  ikird ku&qfmoHan;  and  we 
adnut  its  umrersality,  while  we  affirm  that  it  is  purely  ex- 
perimental (see  Physics).  ^  Yet  we  have  met  with  ^sser- 
tations  by  persons  of  eminent  knowledge,  ^i^re  proposi*. 
dons  are  maintained  inconsistent  with  this.    During  the 
dispute  about  the  communication  of  motion,  some  of  the 
ablest  writers  have  said,   that  a  spring  compressed  or 
stretohed  at  the  two  ends  was  gradually  less  and  less  com. 
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pressed  6v  stitetched  ft^dm  the  cfl'ti^eiSiliti^  cowards  die  mid- 
dle: bat  tbe  same  writers  Acknowledged  the  unireiMl 
equality  6f  dctidki  and  reaction,  Whkh  is  quite  incompatifaie 
with  this  state  of  the  »)piri^.  No  siioh  itlequaHi^  of  ebm- 
pression  or  dilatation  has  ever  been  obseifV6d ;  hud  a  little 
reflection  will  show  it  to  be  imposable,  iki  consisteiicy  witfi 
the  equality  of  actiob  and  reactibil. 

Since  all  parts  are  thus  equally  stretched^  it  fdlldWs, 
that  the  strain  in  any  transverse  sedion  is  the  sdkne,  m 
tlao  hi  every  poiht  of  that  (Section.  If  therefore  the  bbdy 
be  supposed  6f  a  homogeneous  tescture,  the  cohesbn  of  the 
parts  is  equable ;  and  since  ev^ry  part  is  equaDy  stKtched, 
the  particles  are  drkWn  to  equal  ^BstanceS  from  their  quie^ 
cent  positions,  &nd  the  forces  which  are  thus  excited^  and 
now  exerted  in  opposition  to  the  straining  ford^  ate  equal. 
This  external  force  may  be  iMreased'by  degrees,  whidt 
win  gradually  separate  the  parts  of  the  body  more  iiid 
mote  frcnn  eteh  othel-,  tatA  die  corniectbg  forces  increase 
with  (his  hictease  of  distance,  till  at  last  the  coh^ion  of 
aonie  particleii  is  overcottke.  This  must  be  immediately 
followed  1^  a  rupture,  because  the  remaining  forces  are 
now  we^et  than  before. 

It  is  this  uiiited  force  of  cohesion,  immediately  before 
the  ffisUnioh  of  die  first  pardtf  es,  that  we  call  die  sTRKWork 
(X  the  section.  It  may  also  be  properly  called  its  Aiiso^ 
LtTS  STBSNOTH,  bang  excrted  in  the  inmplest  form,  and 
not  modified  by  any  relation  to  other  circumstances. 

354.  If  the  external  force  has  ndt  produded  any  perma- 
nent change  on  the  body,  and  it  therefore  recovers  its  former 
dfaiienfflons  when  the  force  is  withdrawn,  it  is  pUun  that 
this  strain  may  be  repeated  as  often  as  we  please,  and  the 
body  which  withstands  it  once  will  always  withstand  it 
It  is  evident  that  tins  should  be  attended  to  in  all  con- 
struedons,  and  that  in  all  our  investigations  on  this  subject 
this  should  be  kept  strictly  in  view.    When  we  treat  a 
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piece  of  soft  clay  in  this  manner,  and  with  this  precaution, 
the  force  employed  must  be  very  small.  If  we  exceed  this, 
we  produce  a  permanent  change.  The  rod  of  day  is  not 
indeed  torn  asunder ;  but  it  has  become  somewhat  more 
slender :  the  number  of  particles  in  a  cross  section  is  now 
smaller ;  and  therefore,  although  it  will  again,  in  this  new 
form,  suffer,  or  allow  an  endless  repetition  of  a  certain 
stnun  without  any  farther  permanent  change,  this  strain  is 
smaller  than  the  former.  ^ 

Something  of  the  same  kind  happens  in  all  bodies  which 
receive  a  sstt  by  the  strain  to  which  they  are  exposed. 
All  ductile  bodies  are  of  this  kind.    But  there  are  many- 
bodies  whidi  are  not  ductile.     Such  bodies  break  com- 
pletely whenever  they  are  stretched  beyond  the  limit  of 
their  perfect  elasticity.    Bodies  of  a  fibrous  structure  ex* 
hibit  very  great  varieties  in  their  cohesion.    In  some  the 
fibres  have  no  lateral  cohesion,  as  in  the  case  of  a  rope. 
The  only  way  in  which  all  the  fibres  can  be  made  to  unite 
thor  strength  is,  to  twist  them  together.   This  causes  them 
to  bind  each  other  so  fast,  that  any  one  of  them  will  break 
bdbre  it  can  be  drawn  out  of  the  bundle.    In  other  fibrous 
bodies,  sudi  as  timber,  the  fibres  are  held  together  by  some 
cement  or  gluten.     This  is  seldom  as  strong  as  the  fibre. 
Accordingly  timber  is  much  easier  pulled  asunder  in  a  di- 
rectidta  transverse  to  the  fibres.     There  is,  however,  eveiy 
posfflble  variety  in  this  particular. 

In  stretching  and  breaking  fibrous  bodies,  the  viable  ex- 
tenaiMi  is  firequently  very  considerable.  This  is  not  solely 
the  increasmg  of  the  distance  of  the  parttdes  of  the  cohe- 
ring fibre :  the  greatest  part  chiefly  arises  from  drawing  the 
crooked  fibre  straight  In  this,  too,  there  is  great  diversity;  ' 
and  it  is  accompanied  with  important  dijBerences  in  thdr 
power  of  withstanding  a  strain.  In  some  woods,  sudi  as  fir, 
the  fibres  on  which  the  strength  most  depends  are  very 
•tnught.    Such  woods  are  coomionly  very  elastic,  do  not 
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take  a  sett,  and  break  abruptly  wfam  OTerstrained :  otberB, 
such  as  oak  and  birch,  have  their  reasting  fibres  very  un- 
dulating and  crooked,  and  stretch  very  sensibly  by  a  strain. 
They  are  very  liable  to  take  a  sett,  and  they  do  not  break 
so  suddenly,  but  gtve  warning  by  amiphimngy  as  the  car- 
pentcfscallit;  that  is,  by  giving  vinble  signs  of  a  derange- 
ment of  texture.  Hard  bodies  of  an  uniform  glassy  struc- 
ture, or  granulated  like  stones,  are  ebstic  through  the 
whole  extent  of  thor  cohesion,  and  take  no  sett,  but  break  ^ 
at  onoe  when  overloaded. 

Notwithstanding  the  immense  variety  which  nature  ex- 
hibits in  the  structure  and  cohesion  of  bodies,  there  are 
certam  general  fiicts  of  which  we  may  now  avail  ourselves 
with  advantage.    In  particular, 

365.  The  absolute  cohesion  is  proportional  to  the  area  of 
the  section.  This  must  be  the  case  where  the  texture  is  per- 
fectly unifonn,  as  we  have  reason  to  think  it  is  in  glass  and 
the  ductile  metals.  The  coheaon  of  each  particle  being 
alike,  the  whole  cohesion  must  be  proportional  to  their 
number,  that  is,  to  the  area  of  the  section.  The  same 
must  be  admitted  with  respect  to  bodies  of  a  granulated 
texture,  where  the  granulaticm  is  regular  and  unifonn. 
The  same  must  be  admitted  of  fibrous  bodies,  if  we  sup- 
pose their  fibres  equally  strong,  equally  dense,  and  nmilariy 
disposed  through  the  whole  section;  and  this  we  must  eith«- 
suiqfKMe,  or  must  state  the  diversity,  and  measure  the  co- 
heacm  accordingly. 

We  n^ly  thn^ore  assert,  as  a  general  jteopodtion  on 
this  sulgect,  that  the  absolute  strength  in  any  part  of  a 
body  by  which  it  resists  being  pulled  asunder,  or  the  force 
which  must  be  employed  to  tear  it  asunder  in  ihat  party  is 
proportional  to  the  area  of  the  section  popendicular  to  the 
extending  force. 

Therefore  all  c^lmdrical  or  prismatical  rods  are  equally 
stioi^  in  every  part,  and  will  break  alike  in  any  part ; 
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and  i)odie6  wliich  have  uneqiial  sebtidns  wiQ  always  break 
in  the  slendMest  part.  The  length  of  the  kyhnder  or  pma 
baa  no  effeet  bn  die  strength ;  iknd  the  vulgar  notiob^  that 
it  18  easier  Ibo  break  a  vary  long  lope  thiol  a  short  one,  is  a 
very  ^eat  mistdDe.  Also  the  absolute  strengths  bf  bodies 
whidi  have  simihr  sectaons  are  prbpcMrtlDnBl  to  the  squares 
of  their  diiuneters  or  homologous  sides  of  the  section. 

The  weight  <tf  the  body  itself  may  be  employed  to  strain 
it  and  to  iMsk  it.  It  is  evident,  that  ia  rope  may  be  so 
long  as  to  break  by  its  own  weight  When  the  mpe  is 
hanging  perpendicularly,  although  it  is  equally  strong  in 
every  pM,  it  will  break  towards  the  upper  end,  because  the 
stnun  on  any  part  is  the  wdght  of  all  Ihat  is  below  it  Its 
BRLATivB  STBENGTH  in  any  part,  or  power  of  withstand- 
ing the  strain  which  is  actually  laid  cm  it,  is  inversdy  as 
the  quantity  below  that  part 

856.  When  die  rope  is  stretched  horiaontally,  as  in  towing 
ship,  the  strain  arising  from  its  we^t  cdOten  bears  a  very 
sensible  flroportian  to  its  whole  strengUi. 

Let  AEB  (Fig.  3.)  be  any  portion  bf  such  a  rope,  and 
AC,  BC  be  tangents  to  the  curve  into  whidi  its  grtrrity 
bends  it.  Complete  the  parallelogram  ACBD.  It  is  well 
known  that  the  curve  is  a  catenaria,  and  that  DC  is  per- 
pendicular to  the  horiaon ;  and  that  DC  is  to  AC  As  the 
ireight  of  the  rope  AEB  to  the  strain  to  A.  . 

In  order  that  a  suspended  heavy  body  may  be  equally 
able  in  every  part  to  carry  its  own  weight,  the  section  in 
that  part  must  be  proportional  to  the  sohd  contents  of  all 
that  is  below  it  Suppose  it  a  oonoidal  spindle,  formed  by 
the  revolution  of  the  curve  Aae  (Fig.  4.)  round  the  axis 
CE.  We  must  have  AC :  at^  —  AEB  sol. :  a  E  5  soL 
This  condition  requires  the  fegarithmie  curve  for  A  a  e,  of 
which  C  c  is  the  axis. 

These  are  the  chief  general  rules  whidi  can  be  Mfely  de- 
duced from  our  clearest  notions  of  the  coh^aon  bf  bodies. 
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In  order,  lo  make  any  practical  uae  of  theia,  it  U  piop^ir  to 
faaTeaome  measoreaof  the  oobeiftte  cf  «M!ph  Mif»  9S  are 
oommonly  employad  in  our  med}MUim»  w4«tiw  9l^U0tiv^ 
where  they  aieeiqpoBed  to  thb  kind  of  stnOl)*  Th^s^must 
be  deduced  solety  fiEopon  eaqperiment  Therefore  Uiey  must 
be  bottflidered  as  im>,  more  than  geamX  vaiuba^  or  a^iU^ 
ayerages  of  manj  particular  tdahi  The  inrc^|ulantiea  «^ 
▼ery  great,  because  none  of  the  substances  are  cowitaat  in 
thdr  texture  and  firmness.  Metals  differ  by  a  thousand 
drcumstances  unknown  to  us,  according  to  thdr  purity,  to 
the  heat  with  which  they  were  melted,  to  the  moulds  in 
which  they  were  cast,  and  the  treatment  they  have  after- 
wards readved,  by  forging,  wire-drawing,  tempering,  kc 

It  b  a  very  curious  and  inexplicable  fact,  that  by  forg- 
ing a  iQietal,  or  by  frequently  drawing  it  through  a  smopth 
hole  in  a  steel  plate,  its  cohesion  is  greatly  increased.  Tlus 
operation  undoubtedly  deranges  the  natural  situation  of 
the  particles.  They  are  squeezed  dbser  tGjgether  in  one 
direction  ;  but  it  is  not  in  the  dir^bii.  in  ^hi^  they  re* 
fflst  the  fracture.  In  this  direction  tb^  are  radier  separat- 
ed to  a  gxeater  distance.  The  general  de^isity,  however,  is 
augmented  ^  all  of  them  except  lead,  which  grows  rather 
rarer  by.  wire-drawing :  but  its  cohesion  may  be  more  than 
tripled  by  this  c^ration.  Gold,  sijy^  ^lyl  brass,  have 
theif  oobesion  nearly  tripled ;  copper  an^  i^  have  it  more 
than  ddaUed.  In  lhi&  operatiou  they  also  grow  mudi 
harder.  It  is  propev  to  heat  tbem  to  redness  after  draw- 
ing a  Kttl&  This  is  called  nealinff  iht  onneaKng.  It 
softens  the  metal  again,  and  re^pdeis  it  (psipeptible  of  an- 
other drawing  without  the  risk  of  cracking  in  the  opera- 
tion. 

We  do  not  pretend  to  give  any  explanation  of  this  re- 
markable. ajM}  very  imppirta^ti  fajpt,  which  has  something 
resembling  it  in  woods  and  dther  filnrous  bodies,  as  will  be 
mentioned  afterwards. 
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/rhe  varieties  in  the  cohesion  of  stones  and  other  nun- 
eralsy  and  of  v^;etable  and  animal  substances,  are  haftUj 
susceptible  of  any  description  or  classification. 

S67.  We  shall  take  for  the  measure  of  cohesion  the  num- 
ber of  pounds  avdrdupcns  which  are  just  suffident  to  tear 
asunder  a  rod  or  bundle  of  one  indi  square.  From  this  it 
will  be  easy  to  compute  the  strength  corresponding  to  any 
other  dimension. 


lit,  MSTAI.8. 

lb. 

GoUjcast^ 

(20,000 
124,000 

Silver,  cast             .         y  . 

40,000 
.48,000 

^Japan          ... 

19,500 

Barbary 

22,000 

Copper,  cast-   Hungary        ... 

31,000 

Anglesea 

34,000 

^  Sweden 

37,000 

(48,000 
(59,000 

Iron,  cast 

Ordinaiy        ... 

'   es,ooo 

Stirian        .        .        - 

75,000 

Iron,  bar      - 

Best  SwecUdi  md  Russian 

84^000 

Horse-nails        .        -        . 

71,006  • 

Soft          -           -        - 

120,000 

Steel,bar»     - 

1  Razor  temper 

150,000 

♦  This  was  an  experiment  by  Mnschenbrock,  to  examine  th«  vnl- 
gar  notion  that  iron  forged  ftom  old  hone-nails  wm  stronear  than 
all  others,  and  shows  its  ftUty. 
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lb. 

Malaocft  •  -  S»100 

BsDca  -  3,600 

Block         .        -  .  3»800 

Englishblock  -  5,900 

gnin       ....  6,600 


Lead,  cast           ....  860 

Regulus  of  antimony            ...  1,000 

Zinc           ....        .  2,600 

Bismuth           .           .           .           ^  2,900 

.  868.  It  is  very  remarkable  that  almost  all  the  mixtures  of 
metals  are  more  tenacious  than  the  metals  themselves. 
The  change  of  tenadty  depends  much  on  the  proportion 
of  the  ingredients,  and  the  proportion  which  produces  the 
most  tenadous  mixture  is  different  in  the  different  metals. 
We  have  selected  the  following  from  the  experiments  of 
Muschenbroek.  The  proportion  of  ingredients  here  se- 
lected is  that  which  produces  the  greatest  strength. 

Twopartsof  gdd  withoneof  olver          •        -  28,000 

Fivepartsof  gold  with  one  of  oqiper           -  60,000 

live  parts  of  olver  with  one  of  oqiper      *        -  48,600 

Four  parts  of  silver  with  one  of  tin        -       •  41;000 

Sixpartsi^oqiper  withoneof  tin           -         -  41,000 

Five  parts  of  Japan  cqpper  with  one  of  Banca  tin  67,000 

Six  parts  of  Chili  copper  with  one  of  Malacca  tin  60,000 
Six  parts  of  Swedish  copper  with  one  of  Malacca  tin  64,000 
Brass  consists  of  copper  and  zinc  in  an  unknown 

proportion;  its  strength  b           ...  61,000 

Three  parte  of  bk)ck  tin  with  one  part  of  lead    -  10,900 

Eight  puts  of  bk)ck  tin  with  one  part  of  zinc  •  10,000 
Four  parts  of  Malacca  tin  with  one  part  of  regu- 

lus  of  antimony           -.       «        -        .        -  12,000 

Eight  parts  of  lead  with  one  of  zinc          -         -  4,500 

Four  parte  of  tin  with  one  of  lead  and  one  of  zinc  .18,000 

1 
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These  numbers  aie  of  oansiderable  use  in  the  arte. 
The  mixtures  of  copper  and  tin  woe  particularly  interest- 
ing in  the  fabric  of  great  guns.  We  see  t^at,  by  mizing 
copper  whose  greatest  [strength  does  not  exceed  87t(KM)» 
with  tm  which  does  not  exceed  6000^  ^re  produce  a  meUl 
whose  tenadty  is  almost  douU^  at  Ae^anie  time  that  it 
is  harder  and  more  eaaiy  wrought.  It  is,  howe^or,  moie 
fuable,  which  is  a  great  inconvenienoe.  We  also  see  that 
a  very  small  additx»  of  zinc  almost  doubles  the  tenacity 
of  tin,  and  increases  the  tenadty  of  lead  five  times;  anAa 
small  addition  of  lead  doubles  the  tenacity  of  tin.  These 
are  eccmomical  mixtures.  Tins  is  a  very  valuable  infbnna. 
tion  to  die  plumbere  fer  augmentfaig  die  starength  of  watov 
pipes. 

By  having  recourse  to  lihese  tables^  the  engoie^  can 
proportion  the  thickness  of  his  pipes  (of  whatever  nelal) 
to  the  pressures  to  which  they  are  exposed. 

9iy  Woods. 

359,  We  may  premise  to  this  part  <tf  the  table  tl^  fol- 
lowing  general  obser vattOQS : 

h  The  wood  immediirtefy  survounding  the  pith  <m»  heart 
of  the  tree  is  the  weakeSfe,  and  its  inferiority  is  so  nmeb 
more  remarkable  as  the  tree  iB  older.  In  thb-  assertioa, 
however,  we  speak  with  some  hesitatioa.  Mtiscfaenbnodt's 
detail  of  ocperiments  is  deddedly  ib  the  alBnnalive.  Mr 
BuAm,  on  the  other  hand,  says,  that  his  experience  has 
taught  him  that  the  heart  of  a  sound  tree  is  the  strongest ; 
but  he  gives  no  instances.  We  are  oertiun,  from  many  ob- 
s^rvatbns  of  our  own,  on  very  large  oaks  andilrs^  that  the 
heart  is  much  weaker  than  the  exterior  parts. 

S.  The  wood  next  the  bark,  commonly  called  the  zchUe 
or  blea,  is  also  weaker  than  the  rest;  and  the  wood  gra- 
dually increases  in  strength  as  we  recede  ftom  the  centre 
to  the  blea. 
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3l  The  wood  is  stronger  in  the  middle  of  the  trunk 
than  at  the  springing  of  the  branches  or  at  the  root ;  and 
the  wood. of.  the  branches  is  weaker  than  that  of  the 
trank. 

4f(.  The  wopd  of.  the  .north  side  of  all  trees,  which  grow 
in  our  European  climates  is  the  weakeat,  and  that  of  the 
south-east  iside  is  the  strongest ;  and  the  difference  is.  triost 
remarkable  in  hedge-row  tre^s,  and  such  as  grow  singlj-. 
The. heart  of  a  tree,  is  never  in  its  centre,  but  always 
Jiearer  to  the  north  side^  and  the  annual  cofttd  of  wood  are 
thinner  on  that  side.  Iii  conformity  with  this,  it  is  a  ge- 
neral opinioa  of  carpenters  that  timber  is  stronger  whose 
annual  plates  are  thicker.  The  trachea  or  air-vessels  are 
^weaker  than  the  simple  ligneous  fibres.  These  air-vesseJs 
are  the  same  in  diameter  and  number  of  rows  in  trees  of 
Ihe  same  species^  and  they  make  the  visible  separation  be- 
iWeen  the  annual  plates.  Therefore  when  these  are  thicker, 
they  contain  a  greater  proportion  of  the  simple  ligneous 
fibres; 

5.  All  wQods  fire  mofe  tenacious  while  green,  and  los6 
very  considerably  by  drying  after  the  trees  are  felled; 

The  only,  author  who  has  put  It  in  our  power  to  judge 
of  the  propriety  of  hid  experiments  is  Moschenbroek.  He 
has  described  his  method  of  trial  minutely,  and  it  seems 
unexceptionable;  The  woods  were  all.  formed  into  slips 
fit. for  his  apparatus^  and  part  of  the  slip  was  cut  away 
io.a  paraUelopiped  of  |th  of  an  inch  square,  and  therefore 
/^rth  of  a  squflr^  inch  in  section.  The.  absolute  strengths 
of  a  square  inch  were  a3  follows : 


lb. 

lb. 

361.  Locust  tr^ 

8U,100 

Mulberry    . 

12,500 

Jujeb     .  .  i 

18,«)0 

Willow  .    . 

12,500 

Beech,  quIe  . 

17,300 

Ash    .    .    . 

12,000 

.  Orange  .    . 

16,500 

Mum      .    . 

11,800 

Alder      .    . 

13,900 

Elder     .    . 

10,000 

Elm   ;    ;    . 

13,800 

TomegjcmtAt 

.  9»7.50 

iift.  L 

2e 
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lb.  lb. 

Lemoii     .    .    9,250  Quince      •    .    6,7£0 

Tamaiiad     .    8»750  Cypress    •    .    6,000 

Fir  .    .    •    .    8,330  Poplar      .    .    5,600 

Walnut    .    .    8,130  Cedar  .    .    .    4,880 

Pitch  pine  .  7,650 
Mr  Muschenbroek  has  given  a  very  minute  detail  of  the 
experiments  on  the  ash  and  the  wahiut,  stating  the  weight! 
which  were  required  to  tear  asunder  slips  taken  from  the 
fonr  sides  of  the  tree,  and  on  each  side  in  a  regular  pro^ 
gression  from  the  centre  to  the  circumference.  The  num^ 
bers  of  this  table  corresponding  to  these' tm>*  timbers  may 
therefore  be  considered  as  the  average  of  more  than  50 
trials  made  of  each ;  and  he  says  that  all  the  others  were 
made  with  the  same  care.  We  cannot  therefore  seo  any 
reason  for  not  confiding  in  the  results ;  yet  they  are 
considerably  higher  than  those  given  by  some  other  writ- 
ers. Mr  Pitot  says,  on  the  authority  of  his  own  experi*- 
inents,  and  of  those  of  Mr  Parent,  that  60  pounds  wiH 
just  tear  asmider  a  square  line  of  sound  oak,  and  that  it 
will  bear  50  with  safety.  This  gives  8640  for  the  utmoei 
strength  of  a  square  inch,  which  is  mtieh  inferior  to  Mus« 
chenbroek^s  valuation. 
We  may  add  to  these, 
368.  Ivory       .  .  16,2TO 

Bone 5,850 

Horn        ,..•..        8,760 
Whalebone       .        .        ^        •        ..       7,600 
Tooth  of  sea-calf      .      •  .        .        .        ^^075 
363.  The  reader  will  surely  obserre,  that  these  numbers 
express  something  more  than  the  utmost  cohesion ;  for 
the  weights  are  such  as  will  very  quickly,  that  is,  in  a 
minute  or  two,  tear  the  rods  asunder.     It  may  be  said 
in  geneilal,  that  two-thirds  of  these  weights  will  seasiblj 
impair  the  strength  after  a  considerable  while,  and  that 
pde-half  ifi  the  utvost  that  can  remain  suspended  at  them 
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without  risk  for  ever ;  and  it  is  this  last  allotment  that 
the  engineer  should  reclLon  upon  in  his  constructions. 
There  is,  however,  considerable  diflference  in  this  respect. 
Woods  of  a  very  straight  6hre,  such  as  fir,  will  be  less  im- 
paired by  any  load  which  is  not  sufficient  to  break  them 
immediately. 

According  to  Mr  Emerson,  the  load  which  may  be 
ftafely  suspended  to  an  inch  square  b  as  follows : 

Iron 76,400 

Brass 35,600 

Hempienrope 19,600 

iviMTjr         .        ;        .        j«       .        .        16,700 
Oak,  bo^  yew,  plum-tree   •        •        .  7,860 

Elm,  ash,  beech  ....  6,070 

Walnut,  plum 5,360 

,  Bed  fir,  holly,  elder,  plane,  crab  .  5,000 

Cherry,  hazle     .        .        .        .         ;  4,760 

Alder,  asp,  birch,  willow  •        •  4,290 

Lead  ......  430 

FreiMtone   .;....  914    ^ 

.  He  gives  us  a  practical  rule,  that  a  cylinder  whose  dia- 
meter is  d  inches,  leaded  to  one-fourth  of  its  absolute 
strengtlH  will  carry  as  follows  : 

Iron        .  .  .  135' 

Good  rope  •  22 

Oak        ;  .  .  14 

Fir         ;  .  •  9^ 

The  rank  which  the  diflfereht  woods  hold  in  this  list  of 
Mr  Emerson^s  id  very  different  flrom  what  we  find  in* 
Muscheubi^ek^s*  But  precise  measures  must  not  be  ex- 
pected in  thi»  matter.  It  is  wonderful  that  in  a  matter 
of  such  unquestionable  importance  the  public  has  not  «^n- 
abled  some  persons  of^  judgment  to  make  proper  triaf^r 
They  are  beyond  the  abilities  of  private  persons. 


"  Cwt. 
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IL    BODIES  MAY  BE  CRUSHED. 

364.  It  is  of  equal,  perhaps  greater,  importance  to  knoff 
the  strain  which  may  be  laid  on  solid  bodies  without  danger 
of  crushing  them.  Pillars  and  posts  of  all  kinds  are  exposed 
to  this  strain  in  its  simplest  form ;  and  there  are  cases  where 
the  strain '  i^  enormous,  viz.  where  it  arises  from  the  ob- 
lique position  of  the  parts ;  as  in  the  struts,  braces,  and 
trusses,  which  occur  very  frequently  in  our  great  works. 

It  is  therefore  most  desirable  to  have  some  general 
knowledge  of  the  principle  which  determines  the  strength 
of  bodies  in  opposition  to  this  kind  of  strain.  But  unfor- 
tunately we  are  much  more  at  a  loss  in  this  than  in  the 
last  case.  The  mechanism  of  nature  is  much  more  com- 
plicated in  the  present  case.  It  must  be  in  some  circui- 
tous way  that  compression  can  have  any  tendency  to  tear 
asunder  the  parts  of  a  solid  body,  and  it  is  very  difficult 
to  trace  the  steps. 

If  we  suppose  the  particles  insuperably  hard  and  in  con- 
tact, and  disposed  in  lines  which  are  in  the  direction  of 
the  extei^al  pressures^  it  does  not  appear  how  any  pressure 
can  disunite  the  particles ;  but  this  is  a  gratuitous  suppo* 
sition.  There  are  infinite  odds  against  ihii  precise  ar- 
rangement of  the  lines  of  particles ;  and  the  compressibi- 
lity of  all  kinds  of  matter  in  some  degree  shows  that  the 
particles  are  in  a  situation  equivalent  to  distance*  This 
being  the  case,  and  the  particles,  with  their  intervals,  or 
what  is  equivalent  to  intervals,  being  in  situations  that  are 
oblique  with  respect  to  the  pressures,  it  must  follow,  that 
by  squeezing  them  together  in  one  direction,  they  are  made 
to  bilge  out  or  separate  in  other  directions.  This  may 
proceed  so  far  that  some  may  be  thus  pushed  laterally  be« 
yond'  their^  limits  of  cohesion.  The  moment  that  thrs 
Aappens  the  resistance  to  compression  is  diminished,  and 
the  body  will  now  be  crushed  together.  We  may  form 
some  notion  of  this  by  supposing  a  numlnir  of  spherules. 
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Kke  small  sbot,  sticking  together  hj  means  of  a  cement 
Compressing  tbis  in  some  particular  direction  causes  the 
spherules  to  act  among  each  other  like  so  many  wedges, 
each  tending  to  penetrate  through  between  the  three 
which  lie  below  it :  and  this  b  the  simplest,  and  perhaps 
the  only  distinct  notion  we  can  have  of  the  matter.  We 
have  reason  to  think  that  the  constitution  of  very  home- 
geneous  bodies,  such  as  glass,  is  not  .very  different  from 
this.  The  particles  are  certainly  arranged  symmetrically 
in  the  angles  of  some  regular  solids.  It  is  only  such  an 
arrangement  that  is  consistent  with  transparency,  and 
with  the  free  passage  of  light  in  every  direction. 

365.  If  this  be  Ihe  constitution  of  bodies,  it  appears 
probable  that  the  strength,  or  ihe  resistance  which  they 
are  capable  of  making  to  an  attempt  to  crush  them  to 
pieces,  is  proportional  to  the  area  of  the  section  whose 
plane  is  perpendicular  to  the  external  force;  for  each  par« 
tide  being  similarly  and  equally  acted  on  and  resisted, 
the  whole  resistance  must  be  as  their  number ;  that  is,  as 
the  extent  of  the  section. 

Accordingly  this  principle  is  assumed  by  the  few  writers 
who  have  considered  this  subject ;  but  we  confess  that  it 
appears  to  us  very  doubtful.  Suppose  a  number  of  brittle 
or  friable  balls  lying  on  a  table  uniformly  arranged,  but 
net  cohering  nor  in  contact,  and  that  a  board  is  laid  over 
them  and  loaded  with  a  weight;  we  have  no  hesitation  in 
saying,  that  the  weight  necessary  to  crush  the  whole  col* 
lection  is  proportional  to  their  number  or  to  the  area  of 
the  section.  But  when  they  are  in  contact  (and  still  more 
if  they  cohere),  we  imagine  that  the  ease  is  materially 
altered.  Any  individual  ball  is  crushed  only  in  conse- 
quence of  its  being  bulged  outwards  in  the  direction  per- 
pendicular to  the  pressure  employed.  If  this  could  be 
•prevent(ed  by  a  hoop  put  round  the  ball  like  an  equator, 
•  we  cannot  see  how  any  force  can  crush  it.  Any  thing 
'therefore  which  makes  this  bulging  outwards  more.diffi- 
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cult,  makes  a  greater  force  necessaiy.  Now  this  eifect 
will  be  produced  by  the  mere  contact  of  the  balls  before 
the  pressure  is  applied ;  for  the  central  ball  cannot  swell 
outward  laterally  without  pushing  away  the  balls  on  all 
sides  of  it.  This  is  prevented  by  the  friction  on  the  t4ble 
and  upper  board,  which  is  at  leaat  equal  to  one-thltd  of 
the  pressure.  Thus  any  interior  ball  becomes  stronger 
by  the  m^e  vicinity  of  the  others ;  and  if  we  farther  sup- 
pose them  to  cohere  laterally,  we  think  that  its  strength 
will  be  still  more  increased. 

The  analogy  between  these  balls  add  the  cohering  par- 
tides  of  a  friable  body  is  very  perfect.  We  sbduld  there* 
fore  •expect  that  the  strength  by  which  it  resists  being 
crushed  will  increase  in  a  greater  ratio  than  that  of  the 
section,  or  the  square  of  the  diameter  of  similar  sections ; 
imd  that  a  square  inch  of  any  matter  will  bear  a  greater 
weight  in  proportion  as  it  makes  a  part  of  a  greater  sec- 
tion. Accordingly,  this  appears  in  many  experimefits,  as 
will  be  noticed  afterwards.  Muschenbroek,  £ul^,  and 
some  others,  have  supposed  the  strength  of  columns  to  be 
as  the  biquadrates  of  their  diameters.  But  Euler  deduced 
this  from  formulie  which  occurred  to  him  in  the  course  of 
his  algebraic  analysis;  and  he  boldly  adopts  it  as  a  prin- 
ciple, without  looking  for  its  foundation  in  tfa^  physical 
assumptions  which  he  had  made  in  the  beginning  of  his 
investigation.  But  some  of  his  original  assumptions  were 
as  paradoxical,  or  at  least  as  gratuitous  as  these  resulta.: 
and  those,  in  particular,  from  which  this  proportion  of  the 
strength  of  columns  was  deduced^  were  almost  foreign  to 
the  case ;  and  therefore  the  inference  was  of  no  value. 
Yet  it  was  received  as  a  principle  by  Muschenbrodc,  and 
by  the  academicians  of  St  Petersburgh.  We.  make  these 
very  few  observations,  because  the  subject  is  of  great 
practical  importance ;  and  it  is  a  great  obstacle  to  im- 
provements when  deference  to  a  great  name,  joined  to 
incapacity  or  indolence,  causes  authors  to  adopt  his  cart- 
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kss  reveries  as  priadples  from  wliich  thej  are  afterwiffdtf 
to  dmw  important  cooaequenees.  It  must.b^  ncknow* 
ledged  that  we  have  not  as  yet  established  the  relation 
between  the  dimennons  rad  the  strength  of  a  pillar  on 
solid  mechanical  principles.  £xperieDce  plainly  contra- 
dicts the  general  opinion,  that  .the  strength  is  propor- 
tional to  the  area  of  the  section ;  but  it  is  still  more  in- 
consistent .witR  theopinion^  that  it  is  in  the  qnad^nplicate 
'  ratio  of  the  diameters  of  similar,  sections.  .  It  would  seem 
that  the  ratio  depends. much  on  the  internal  structure  of 
the  body;  and  experiment  seems  the  only  method  for 
•soertammg  its  general  laws. 

S66.  If  we  suppose  the  body  to  be  of  ^  fibrous  text,ure» 
bailing  the  fibres  situated  in  the  direction  of  the  pressure, 
and  slif^y  adhering. to  each  other  by  some  kind  of  ce- 
ment, such  a  body  will  fail  only  by  the .  biding  of  t^e 
fibres,  by  wkicK  they  will  break  the  cement  and  be..d^ 
,4adied  from,  each  other.  Something,  like  this  may  be 
Mpposed  In  wooden  pillars.  In  such  cases^  too,  it  would 
•appear  that  the  resistance  must  be  as  the  nuqiber  of 
equally  resisting  fibres,  and  as  their  mutual  support, 
jointly,  and  therefore  as  some  function  of  the  area  of 
ihe  section.  The  same  thing  must  hi^ppen  if  the  fibrea 
are  naturally  crooked  or  undulated,  as  is.  observed  in 
-many  woods,  8ec.  provided  we  suppose  some. similarity  in 
ifaeir  form.  Similarity  of  some  kind  must  always  be.  sup- 
posed,  otherwise  we  neec^nevar  aimat.any  general  .infe- 
rences. 

In  all  eases  iberefore  we  can.  hardly  refuse .  admitting, 
•that  the  strengths  in  opp^tion  to  compression  is  prpppr- 
-tioinalto  afunction  of  the  area  of  the  section. 

As  the  whole  length  of  a  cylinder  or  prism  is  equally 
•ppesMd,  it  does  not  appear  that  the  stnength  of.  a  pillar  is 
at  all  affected  by  its  length.  If  indeed  it  be  supposed  to 
bend  under  the  pressure^  the  case  is  greatly,  changed,  be- 
I  it  is  thm-  exposed  to.  4  traosveirse.  strain ; .  and  this 
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ihcr^ases  with  the  length  of  the  pillar.  But  this  will  be 
considered  with  due  attention  under  the  next  class  of 
strains. 

Few  experiments  hare  been  noiade  on  this  species  of 
strength  and  strain.     Mr  Pitot  says,  that  his  experiments, 
and  those  of  Mr  Parent,  show  that  the  force  necessar j  folr 
crushing  a  body  is  nearly  equal  to  that  which  will  tear  it 
hsunder.     He  says  that  it  requires  somethfhg  more  than 
60  pounds  on  every  square  line  to  crush  a  piece  of  sound 
oak.    But  the  rule  is  by  no  means  general :    Glass,   for 
instance,  will  carry  a  hundred  times  as  much  as  oak  in 
this  way,  that  is,  resting  on  it ;  but  will  not  suspend  above 
four  or  five  times  as  much.     Oak  will  suspend  a  great 
deal  more  than  fir ;  but  fir  will  carry  twice  as  much  as  a 
pillar.     Woods  of  a  soft  texture,  although  consisting  of 
very  tenacious  fibres,  are  more  easily  crushed  by  their 
load.     This  softness  of  texture  is  chiefly  owing  to.  their 
fibres  not  being  straight  but  undulated,  and  there  being 
considerable  vacuities  between  them,   ao  that  they  are 
easily  bent  laterally  and  crushed.     When  a  post  is  over- 
strained by  its  load,  it  is  observed  to  swell  sensibly  in 
diameter.     Increasing  the  load  causes  longitudinal  cracks 
or  shivers  to  appear,  and  it  presently  after,  gives  way. 
This  is  called  crippling. 

In  all  cases  where  the  fibres  lie  oblique  to  the  strain  the 
strength  is  greatly  diminished,  because  the  parts  can  then 
be  made  to  slide  on  each  other^  when  the  cohesion  of  the 
cementing  matter  is  overcome. 

Muschenbroek  has  given  some  experiments  on  this  sub- 
ject ;  but  they  are  cases  of  long  pillars,  and  therefore  do 
not  belong  to  this  place.  They  wiU  be  considered  after- 
wards. 

The  only  experiments  of  which  we  have  'seen  any  de- 
tail (and  it  is  useless  to  insert  mere  assertions)  are  those 
of  Mr  Gauthey,  in  the  4th  volume  of  Rosier^s  Jawmal  de 
Physique,    This  engineer  exposed  to  great  pressures  small 
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rectangular  paralielopipeds,  cut  from  a  great  variety  of 
Hones,  and  noted  the  weights  which  crushed  them.  The 
following  table  exhibits  the  medium  results  of  many  trials 
on  two  very  uniform  kinds  of  freestone,  one  of  them 
among  the  hardest  and  the  other  among  the  softest  used 
in  building. 

367.  Column  1st  expresses  the  length  of  the  sec« 
lion  in  French  lines  or  12ths  of  an  inch ;  column  3d  ex* 
presses  the  breadth ;  column  3d  is  the  area  of  the  see-» 
tion  in  square  lines ;  column  4th  is  the  number  of  ounces 
required  to  crush  the  piece ;  column  5th  is  the  weight 
which  was  then  borne  by  each  square  line  of  the  section  ;• 
and  column  6th  is' the  round  numbers  to  which  Mr  GaiK 
they  imagines  that  those  in  coli^mn  5th  approximate. 


Hard  Storu, 

Vo.of  Length  Breadth 
Exp.    of  the    of  the 
Swtion  Section. 

Area  of  the 
Section. 

Ouacei  ne- 
cessary to 
cniahit. 

'  ^veight  boni0 
byeachsqoaie 
inch. 

1        8 

8 

64 

^36 

11,5 

isr 

9        8 

13 

96 

2625 

27,3 

941 

3     a 

16 

128 

4496 

35,1 

d» 

$oJ\  Stone^ 

4        9 

16. 

144 

£60 

3,9 

4 

5        9 

18 

^63 

848 

5,3 

4.5 

6      18 

18 

324 

?928 

9 

9 

7      18 

24 

432 

£296 

12,2 

12 

Little  can  be  deduced  from  these  experiments ;  Tb^ 
1st  and  3d,  compared  with  the  5th  and  6th,  should  fur- 
nish similar  results;  for  the  1st  and  5th  are  respectively 
half  of  the  3d  and  6th ;  but  the  3d  is  three  times  stronger 
(that  is,  a  line  of  the  3d)  than  the  first,  whereas  the  6tti 
is  only  twice  as  strong  as  the  5th. 

It  is  evident,  however,  that  the  strength  increases  much 
faster  than  the  area  of  the  section^  and  that  a  square  line 
^fan  carry  more  and  more  weighty  according  as  it  makes  a^ 
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|mrt  of  8  largtr  and  Itfger  secikm.  In  the  ieries  lyf  «x. 
perimentfl  on  the  soft  stone,  the  mdiFidnal  stnsngth  of  a 
square  line  seems  to  increase  nearly  in  the  proportion  of 
the  section  of  which  it  makes  a  part. 

Mr  Gauthey  deduces,  from  the  whole  d  his  nnmerons 
experiments,  that  a  ptUar  of  hard  stone  of  Girrj,  whose 
section  is  a  square  foot,  will  bear  with  perfect  safety 
€64,000  pounds,  and  that  its  extreme  strength  is  871,000^ 
and  the  smallest  strength  observed  in  any  of  his  cxperi* 
ments  was  460,000.  The  soft  bed  of  Giriy  stone  had  for 
its  smallest  strength  187,000,  for  its  greatest  311,000» 
and  for  its  safe  load  249,000.  Good  brick  will  cnry  with 
safety  320,000 ;  chalk  will  carry  only  9000.  The  boldest 
piece  of  architecture  in  this  respect  which  he  has  seen  is 
a  piUar  in  the  church  of  All-Saints  at  Angers.  It  is  24 
feet  long  and  1 1  inches  square,  and  is  loaded  with  60,000, 
which  is  not  jth  of  what  is  necessary  for  crushing  it. 

368.  We  may  obserre  here  by  the  way,  that  Mr  Gau- 
they^s  measure  of  the  suspending  strength  of  stone  is 
▼astly  small  in  proportion  to  its  power  of  supporting  a 
load  laid  above  it;  He  finds  that  a  prism  of  the  hard  bed 
of  Givry,  of  a  foot  section,  is  torn  asunder  by  4600 
pounds ;  and  if  it  be  firmly  fixed  horizontally  in  a  wall, 
it  will  be  broken  by  a  weight  of  56,000  suspended  a  foot 
from  the  wall.  If  it  rest  on  two  props  at  a  foot  distance, 
it  wiU  be  broken  by  206,000  laid  on  iU  middle.  These 
experiments  agree  so  ill  with  each  other,  that  little  use 
can  be  made  of  them.  The  subject  is  of  great  import- 
ance, and  well  deserves  the  attention  of  the  patriotic  phi- 
losopher. 

369.  A  set  of  good  esperiments  woohl  be  very  valo- 
ftble,  because  it  is  against  this  kind  of  strain  that  we 
must  guard  by  judicious  coiistruction  in*  the  most  de- 
licate and  difficult  proUems  which  come  through  the 
hands  of  the  civil  and  military  engineer.  The  oon^ 
struction  of  stone  arches^  and  great  wooden  bridges,  mA 
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ptrtieiiUfflj  the  edn^tructton  of  the  %wneB  of  earpefttiy 
called  cai^rei  m  tiie  ereciiOB  of  stone  bridges,  are  t&e  nloit 
difiwalt  jobs  that  decor.  In  the  centres  on  nrhieh  the 
arches  of  the  bridge  of  Orleans  were  built,  some  of  the 
pieces 'dT  oak  were'oanTingnpirarib  of  tiro  tons  en'iverj 
M|ttare  ineh  of  their  scanilfaig.  '  All  who  saw  it  Aid  that 
it  was  not  able  to  cairj  the  fourth  pmti  of  the  intended 
load.  But  the  engineer  understood  ^be  principles  of  hn 
art,  and  ran  the  risk :  and  the  nesult  completely  jiiAified 
Ids  confidence ;  ibr  the  centre  did  not  complaiain  anj 
part,  onljr  it  was  foinid  too  supple;  so  that  it  went  ont 
bt  Miape  while  the  haamehes  only  of  the  arch  were  laid  on 
it.  The  engineer  corrected  this  bj  loading  it  at  the 
crown,  and  thus  kept  it  completely  in  shape  during  the 
{progress  of  the  work. 

In  the  old  Memoirs  of  the  Academy  of  Petersburgh 
for  1778,  there  is  a  dissertation  by  Euler  on  this  subject^ 
but  particularly  limited  to  the  strain  on  columns,  in  which 
the  bending  is  taken  into  the  aicoount.  Mr  Fuss  has 
treated  the  same  subject  with  relation  to  carpentry  in  a 
eubse^tient  Tohime.  But  there  is  little  in  these  papers 
besides  a  dry  mathematical  dis^isition,  proceeding  oil 
IMtfmptltas  which  Xto  speak  fafroorably)  are  extremely 
gratuitous*  The  most  important  consequence  of  th^ 
lebmpres^n  is  irhdUy  overlooked,  as  we  shall '  presently 
%ee.  Our  knowledge  of  the  itfechanisth  of  cohesion  is 
as  ycft  far  too  Imperfect  to  entitle  us  to  a  confident  ap* 
pHcution  of  mal^inatics.  Eiperiments  should  b^  mul- 
iSpKed. 

870.  The  only  way  we  cari  hope  to  make  these  experi- 
tifeents  Useful  is  to  pay  a  carefbl  attention  to  the  ^Momtf^ 
In  #hich  the  fracture  is  prOdu<ied.  By  discovering  the 
general  resemblances  in  this  particular,  wc  advance  a  step 
in  our  power  of  introducing  mathematical  measurement. 
'Thiis,  when  a  ctAiical  piece  of  chalk  is  slowly  crushed' be* 
'^een  the  chaps  of  a  vice,  we  see  it  uniformly  spKt  in  v^ 


Digitized  by  VjOO^IC 


41f  fTRENGTH  OF  BTATBRIALS; 

forfaoe  obliqne  to  the  •  pressurei  and  the  two  pnts  theil 
dtde  along  the  surface  of  fracture.  This  should  lead  us 
to  examine  mathematically  what  relation  there  is  between 
this  surface  of  fracture  and  the  neoessarj  force ;  then  we 
should  endeaTour  to  determine  experimentally  the  posi« 
tion  of  this  surface.  '  Having  discorered  some  general  law 
or  resemblance  in  this  circumstance^  we  should  try  what 
mathematical  hypothesis  will  agree  with  this.  Having 
found  one,  we  may  then  apply  our  simplest  notions  of 
cohesion,  and  compare  the  result  of  our  computations 
with  experiment.  We  are  authorised  to  say,  that  a  series 
of  experiments  have  been  made  in  this  way,  and  that 
their  results  have  been  very  uniform,  and  therefore  satis- 
£ictory,  and  that  they  will  soon  be  laid  before  the  public 
as  the  foundation  of  successful  practice  in  the  construptioa 
Marches,. 


in.  A  BODY  MAY  BE  BBOKBN  ACROSS. 

S71.  The  most  usual,  and  the  greatest  strain,  to  whiak 
materials  are  exposed^  is  that  which  tends  to  break  them 
transversely.  It  is  seldom,  however,  that  this  is  done  ia 
a  manner  perfectly  simple ;  for  when  a  beam  projects  ho- 
rizontally from  a  wall,  and  a  weight  is  suspended  from 
its  extremity,  the  beam  is  commonly  broken  near  the 
.wall,  and  the  intermediate  part  has  performed  the  func- 
tions of  a  lever.  It  sometimes,  though  rarely,  happens 
that  the  pin  in  the  joint  of  a  pair  of  pincers  or  scissars  is 
cut  through  by  the  strain ;  and  this  is  almost  the  only 
case  of  a  simple  transverse  fracture.  Being  so  rare,  we 
may  content  ourselves  with  saying,  that  in  this  case  t|ie 
strength  of  the  piede  is  proportional  to  the  area  of  the 
section. 

372.  Experiments  were  made  for  discovering  the  re> 
sistances  made  by  two  bodies  to  this  kind  of  strain  i^  the 
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followiiig  mumer :    Two  iron  ban  were  disposed  hori* 
nmtaliy  at  tti  inch  distance ;  a  third  hung  perpendicu- 
larlj  between  them,  being  supported  by  a  pin  made  of 
the  substance  to  be  examined.    This  pin  was  made  of  a 
prismatic  form,  so  as  to  fit  exactlj  the  holes  in  the  three 
bars,  which  were  made  very  exact,  and  of  the  same  size 
and  shape.    A  scale  was  suq>ended  at  Uie  lower  end  of 
the  perpendiculu*  bar,  and  loaded  till  it  tore  out  that 
part  of  the  pin  which  filled  the  middle  hole.    This  weight 
was  evidentlj  the  measure  of  the  lateral  cohesion  of  two 
teetions.    The  side*bars  were  made  to  grasp  the  middle 
bar  pretty  strongly  between  them,  that  there  might  be 
no  distance  imposed  between    the  opposite    pressures. 
This  would  ha^e  combined  the  energy  of  a  lever  with  the 
pnrely  transverse  pnessure.    For  the  same  reason  it  waa 
necessary  that  the  internal  parts  of  the  holes  should  be 
no  smaller  than  the  edges.    Great  irregularities  occurred 
in  our  first  experiihents  from  this  cause,  because  the  pins 
were  somewhat  tighter  within  than  at  the  edges;  but 
when  this  was  corrected  they  were  extremely  regular. 
We  employed  three  sets  of  holes,  viz.  a  circle,'  a  square 
(which  was  occasionally  made  a  rectangle  whose  length 
was  twke  its  breadth),  and  an  equilateral  triangle.    We 
found  in  all  our  experiments  the  strength  exactly  pro- 
portional to  the  area  of  the  section,  and  quite  indepen« 
dent  of  its  figure  or  position,  and  we  found  it  consider- 
ably above  the  direct  cohesion ;  that  is,  it  took  consider- 
ably more  than  twice  the  force  to  tear  out  this  middle 
piece  than  to,  tear  the  pin  asunder  by  a  direct  pull.    A 
piece  of  fine  freestone  required  905  pounds  to  pull  it  di- 
rectly asunder^  and  575  to  break  it  in  this  way. 

373.ThedHferencewasverycon8tantinanyonesubstance, 
but  varied  from  |ds  to  §ds  iir  different  kinds  of  matter,  be- 
ing  smallest  in  bodies  of  a  fibrous  texture.  But  indeed  we 
could  not  make  the  trial  on  any  bodies  of  considerable 
eohesioD^  because  they  required  such  forces  as  our  appa- 
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ratiis  doiild  not  support  Chslk,  day  baked  in  the  sun, 
bdked  sugar,  brick,  and  fineestone^  were  the  strongest  that 
we  could  .exaiBin& 

But  the  more  conunon  case,  iffhere  the  energy  of  a 
leve^  inlenrenes,  demands  a. minute  examination. 

3174.  Let  DABC  (Plate  V.  fig.  1.)  be  a  Tertkal  secttod 
of  a  prismatic  solid  (that  is,  of  equal  size  througboiit)^ 
projecting  horissontaHjr  from  a  wall  in  which  it  i&  fvmiy 
fixed;;  and  let  a  weight  P  be  hung  on  it  at  B,  or  let  Maf 
poster  P  act  at  B  in  a  dhrection  perpendicular  to  AB^ 
Suppose  the  body  of  insuperable  strength  in  every  part- 
except,  in  the  vertical  section  I>A,  perpendicular  to  its 
length.  It  must  break,  in  this  section  mdy.  Let  the  c»» 
hesion  be  uniform  over  the  whole  of  this  section ;  that  i% 
let  eaieh  of  the  adjoining  particles  of  the  two  parts  cohere 
wUh  an  equal  force/. 

Thei^e  are  two  ways  in  which  it  may  break.  The  part 
ABGP  mqr  simply  slide  down  along  the  surface  of  frac^ 
tuji;e,  pjwivided.  that  the  power  acting  at  B  la  equal  to  the 
aecuQi^lated  force  which  is  exerted  by  every  particle  of 
the  Boation  in  the  direction  AD. 

But  suppose  this  eJBTectually  prevented  by  something 
that  supports  the  point  A.  The  action  at  P  tends  to 
make  the  body  turn  round  A  (or  round  a  horizontal  line 
passing .  thnough  A  at  right  angles  to  AB)  as  round  a 
joint  This  it  cannot  do  without  separating  at  the  line 
DA  hh  this  case  the  adjoining  particles  at  D  or  at  £« 
will  be  separated  horizontally.  But  their  cohesion  resist* 
this  sep^ration4  In  order,  therefore,  that  the  fracture 
may  happen,  the  energy  or  momentum  of  the  power  P, 
kcting  by  means  of  the  lever  AB,  must  be  superior  to  the 
tuscumulated  energies  of  the  particles.  The  energy  of 
each  dq>ends  not  only  on  its  eohesive  f<xrce,  but  also  on 
its  situation ;  for  the  supposed  insuperable  firmness  of  the 
rest  of  the  body  makes  it  a  lever  turning*  round  the  ful-^' 
erum  A,  and  the  cohesion  of  each  particle^  such  as  D  op* 
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E,  acts  by  means  of  the  arm  DA  or  EA.  The  energy  of 
each  portick  will  therefore  be  had  by  multiplying  the 
force  exerted  by  it  in  the  instant  of  fracture  by  the  arm 
of  the  lever  by  which  it  acts. 

Let  us  .therefore  first  suppose,  that  in  the.  instant  of 
fracture  erery  partide  is  exerting  an  equal  force  /.  The 
energy  of  D  will  be/x  DA,  and  that  of  £  wiU  be/x  EA^ 
wd  that  of  the  wh(^  wiU  be  the  sum  of  all  these,  pro* 
ductSi  Let  the  depth  DA  of  the  section  be  called  d,  and 
letiiny  undetfinnioed  part  of  it  £A  be  called  jd,  and  thea 
the  space  occupied  by  any  particle  will  be  x.  The  cohe*- 
sion  of  this  space  may  be  represented  hyfxy  and  that  of 
the  whole  by/d.  The  energy  by  which  each  element  x 
of  the  line  DA,  or  d,  resists  the  fracture,  will  hefx  x,  and 
the  whole  accumulated  energies  will  be  /x  fx^  x\      *]^his 

we  know  to.  be/x  id*,  or  fdxid.  It  is  the  same 
therefore  as  if  the  cohesion  fdo{  the  whole  section  had 
been  acting  at  the  point  6,  which  is  in  the  middle  of 

The  reader  who  is  not  familiarly  acquainted  with  tb^ 
fluxionary  calculus  may  arrive  at  the  same  conclusion  in 
anether  way*  Suppose  the  beam,  instead  of  projecting 
linrisonta%'  from  a  wall,  to  be  hanging  from  the  ceilings 
in  wUch  it  is  firmly  fixed  Let  us  consider  how  the 
equal  oAesion  of  every  part  operates  in  hindering  the 
Iqwer  part  from  separating  from  the  uf^r  by  opening 
round  the  joint  A.  The  equal  cohesion  opepftes  just  as 
equal  gravity  Would  do,  but  in  the  opposite  direction. 
Now  we  know,  by  the  most  elementary  mechanics,  that 
the  efieet  of  this  will  be  the  same  as  if  the  whole  weight 
were  >cQncentratcd  in  the  centre  of  gravity  G  of  the  line 
DA^  and  >hat  thia  points  G  is  in  the  middle  of  DA.  Now 
the  number  of  fibres  being  as  the  length  d  of  the  line,- 
and  Ae  coheaion.of  each  fibre  being  =y^  the  cohesion  of 
^  whole  line  is  /x  d  or/d. 


Digitized  by  VjOOQIC 


416  STRENGTH  OF  MATERIALS. 

The  accumulated  energy  therefore  of  the  cohesion  lA 
the  instant  of  fracture  \b  fdxi  d.  Now  this  must  be 
.  equal  or  just  inferior  to  the  energy  of  the  power  employ- 
ed  to  break  it.  Let  the  length  AB  be  called  I ;  then 
F  X  /  is  the  cori^ponding  energy  of  the  power.  This 
gives  us  fdi  d==p  I  toT  the  equation  of  equilibrium  cor* 
responding  to  the  vertical  section  ADCB^ 

Suppose  now  that  the  fracttire  is  not  permitted  at  I>A^ 
but  at  another  section  3  •  more  remote  from  B.  The  body 
being  prismatic,  all  the  vertical  sections  are  equal ;  and 
therefore  fd^d  is  the  same  as  before.  But  the  energy 
of  the  power  is'  by  this  means  increased,  being  now 
=.  P  X  B  •«  instead  of  P  x  B  A :  Hence  we  see  that  when 
the  prismatic  body  is  not  insuperably  strong  ia  all  its 
parts,  but  equally  strong  throughout,  it  must  break  close 
at  the  walj,  where  the  strain  or  energy  of  the  power  it 
greatest.  .  We  see^  too,  that  a  power  which  is  just  able 
to  break  it  at  the  wall  is  unable  to  break  it  anywhere 
else;  also  an  absolute  cohesion  fdy  which  can  withstand 
tite  power  p  in  the  section  DA,  will  not  withstand  it  in 
/the  section  )  «>  and  will  withstand  more  in  the  section 
(  d'af. 

This  teabhes  u^  to  distinguish  betvreen  absolute  and 
relative  strength.  The  relative  strength  of  a  seetion  ha« 
a  reference  to  the  strain  actually  exerted  on  that  section. 
This  relative  strength  is  properly  measured  by  the  power 
which  is  just  able  to  balance  or  overcome  it,  when  i^ 
plied  at  its  proper  place.    Now  since  we  haidy*^  ^  d^^pl^ 

ire  have  p  =^- — ■■ —  for  the  measure  of  the  strength  of 

liie  section  DA,  in  relation  to  the  power  applied  at  B. 

If  the  solid  is  a  rectangular  beam^  whose  breadth  is  b, 
it  is  plain  that  all  the  vertical  sections  are  equal,  and  that 
AG  or  ^  ^  is  the  same  in  all.  Therefore  the  equation 
eatpressing  the  equilibrium  between  the  momentum  of  the 
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txternsl  force  and  the  «ccuiniilate4/RKHnentB  of  cobeaion 
^illhepl-fdbxid. 

The  product  d  b  evidently  expresses  the  area  of 
the  section  of  fractbre,  which  we  may  call  Sy  and  we 
may  express  the  eqtiiiibrium  thus,  p  I  :=:/$  ^  d^  and 
2t:d^fs:p. 

fionfs  is  a  proper  ezpresaion  of  the  absolute  cohesion 
of  the  section  of  fracture,  and  p  is  a  proper  measure  of  its 
strength  in  relation  to  a  power  applied  at  B.  We  may 
therefore  say,  that  twice  the  length  of  a  rectangular  beam  ii 
te  the  ie^h  as  the  nAsaluie  obAestofi  to  the  relative  strength. 

Since  the  action  of  equaUe^cohesion  is  similar  to  the 
Action  of  eqoal  gravity^  it  follows,  that  whatever  is  the 
figure  t>f  the  sectioif,  the  relative  strength  will  be  the  same 
as  if  the  absolute  cession  of  all  the  fibres  were  acting  at 
the  c^tre  of  gravity  of  the  section.  Let  g  be  the  dis* 
tsrnce  between  the  centre  of  gravity  of  th^  section  and  the 
asds  of  fraeliO'e,  we  shall  have  p  I  ^fs  g^  and  / :  g  =/^ :  p* 
It  will  be  veiy  useful  to  recollect  this  analogy  in  words : 
^  The  kkgth  of  a  prismatic  heam  of  any  shape  is  to  the  height 
sf  the  centre  of  gravitjf  cAote  the  lower  side^  as  the  absobUe 
cohesion  to  the  strength  relative  to  this  length^ 

Because  the  relative  strength  of  a  rectangular  beam  19 

-^^ y—  or^-^j-i  it  follows,  that  the  relative  strengths 

of  Afferent  b^ins  arie  proportional  to  the  absolute  cohe- 
sion of  the  particles,  to  the  breadth^  and  to  the  square  of 
the  depth  dBreetly^  and  to  the  length  inversely ;  also  in 
prisms  whose  sections  are  similar,  the  strengths  are  as  the 
cubes  of  the  diameters. 

376i  Such  are  the  more  general  results  of  the  mech»- 
nisdi  of  this  transverse  strain,  in  the  hypothesis  that  all 
the  particle  are  exerting  equal  forces  in  the  instant  of 
fracture.  We  are  indebted  for  this  doctrine  to  the  cele- 
brated Oalilea;  and  it  was  one  of  the  first  specimens  of 
the  application  of  mathematics  to  the  science  of  nature. 

VOL.  I.  8  D 
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We  have  not  included  in  the  preceding  investigation 
that  action  of  the  external  force  by  which  the  solid  is  drawn 
sidewise,  o)r  tends  to  slide  along  the  surface  of  fracture. 
We  have  supposed  a  particle  E  (fig.  1.)  to  be  pulled  onlj 
in  the  direction  E  e,  perpendicular  to  the  section  of  frac- 
ture,  by  the  action  of  the  crooked  leaver  BAE.  But  it  is- 
also  pulled  in  the  direction  EA ;  and  its  reaction  is  in 
some  direction  i  E,  compounded  of  1/9  by  which  it  re* 
sists  being  pulled  outwards ;  and  1  e,  by  which  it  resists 
being  pulled  downwards.  We  are  but  imperfectly  ac- 
quainted with  the  force  i  e^  and  only  know  that  their  ac« 
cumulated  sum  is  equal  to  the  force  p :  but  in  all  impor- 
tant cases  which  Occur  in  practice,  it  is  unnecessary  to 
attend  to  this  force ;  because  it  is  so  small  in  comparsion 
of  the  forces  in  the  direction  E  e»  as  we  easily  conclude 
from  the  usual  sitiallness  of  AD  in  comparison  of  AB. 

376.  The  hypothesis  of  equal  cohesion,  exerted  by  all 
the  particles  in  the  instant  of  fracture,  is  not  conformable 
to  nature:  for  we  know,  that  when  a  foyce  is  applied 
transversely  at  B,  the  beam  is  bent  downwards,  becoming 
convex  on  the  upper  side ;  that  side  is  therefore  on  the- 
stretch.  The  particles. at  D  are  farther  removed  from 
each  other  than  those  at  £|  and  are  therefore  actttaUy  ex- 
erting  greater  cohesive  forces.  We  cannot  say  with  cer- 
tainty and  precision  in  what  proportion  each 'fibre  is  ex- 
tended.' It  seems  most  probable  that  the  extensions  are 
proportional  to  the  distances  from  A.  We  shall  suppose 
this  to  be  really  the  case*  Now  recollect  the  general  law 
which  we  formerly  said  was  iAaerved  in  all  moderate  ex- 
tensions, viz.  that  the  attractive  forces  exerted  by  the 
dilated  particles  were  proportional  to  their  dilatations. 
Suppose  now  that  the  beam  is  so  much  bent  that  the  par- 
ticles at  I>  are  exerting  their  utmost  force»  and  that  this 
fibre  is  just  ready  to  break  or  actually  breaks;  It  is  plain 
that  a  total  fracture  must  immediately  ensue;  because 
the  force  which  was  superior  to  the  full  cohesion  of  the 
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-particle  at  D»  and  a  certain  portion  of  the  cohesion  of  all 

the  rest,  will  be  more  than  superior  to  the  full  cohesion 

of  the  particle  hext  mthih  D^  and  a  smaller  portion  of 

the  cohcisioh  of  the  remainder. 

Now  let  F  refvesent,  as  before,  the  full  fo^ce.  of  the  ex« 

ierior  fibre  D^  which  i^  eierted  by  it  in  the  instant  of  its 

breaking,  and  then  the  force  exerted  at  the  same  instant 

bj  the  fibre  E  will  be  had  by  this  analogy  AD  :  A£,  or 

fx  I 

d,  :  X  ^  f  -r—i  and  the  force  really  exerted  by  the  fibre 

^he  force  exert^  by  a  fibre  whose  thiclche^s  is  x  \k 

T  X  X 

therefore '^-^ ;  but  this  force  resists  the  strain  by  acting 
by  meahs  of  the  lever  £A  or  x.    Its  energy  or  momen- 

iX^  X 

tum  is  therefore  *^7~  9  and  the  Accumulated  dloment& 
a 

x^  X 
of  all  the  fibres  in  the  line  AE  Will  he  fx  sumi  of  — r-. 

o 

This,  whea  x  is  taken  equal  to  d,  will  eicpress  the  mot 
raentuid  of  the  whole  fibres  hi  the  line  AD.     This^  ther«^ 

Id* 
fore,  IS /  ^ ,  or/  }  d%  or /  d  x  J  A    Now/ d  expressei 

the  absolute  cohesion  of  the  whole  line  AD.  The  accu- 
mulated momentum  is  therefore  the  same  as  if  the  absO-' 
Jute  cohesion  of  the  whole  lin^  were  exerted  at  Jd  of  AD 
from  A. 

377.  Froin  these  premises  it  fcfUows  *tfaat  the  equation 
•expressing  the  equilibrium  of  the  strain  and  cohedon  is 
p  l^fdx  I  d;  and  hence  we  deduce  the  analogy,  <^  As 
thrice  the  length  ia  to  the  depths  ipia  the  absolute  cohesion  to 
the  relative  strength^ 

Thb  e<juationr  and  this  proportion  wilt  equally  apply  Uf 
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factaBguFar  beams  wluNie  breadth  inb;  lor  we  shall  thefii' 
l^repl=fhdxid. 

We  also  see  that  the  relative  strength  is  proportional 
to  the  absolute  cohesion  of  the  particles,  to  the  breadth, 
and  to  the  square  of  the  depth  directly,  and  to  the  length 
inrerselj :  for  p  is  the  measure  of  the  force  with  which 

it  is  resisted,  and  p  s:*^^ — 7— >='^^-r*     ^^  ^^"  respect, 

therefore,  this  hypothesis  agrees  with  the  Galilean ;  but 
it  assigns  to  every  beam  a  smaller  proportion  of  the  ab- 
solute cohesion  of  the  section  of  fracture,  in  the  propoiy 
lion  of  3  to  2.  In  the  Galilean  hypothesis  this  section 
has  a  momentum  equal  to  ^  of  its  absolute  strength,  but 
in  the  other  hypothesis  it  is  only  }d.  In  beams  of  a  dif- 
ferent form  the  proportion  may  be  different. 

As  this  is  a  most  important  proposition,  and  the  foun* 
dation  of  many  practical  maxims,. we  are  anxious  to  have 
it  clearly  comprehended,  and  its  evidence  perceived  by  all* 
Our  better  informed  readers  will  therefore  indulge  us 
while  we  endeavour  to  present  it  in  another  point  of  view, 
\vbere  it  will  be  better  .seen  by  those  who  are  not  fami* 
liarly  acquainted  with  the  fluxionary  calculus. 

378.  Fig.  2.  of  Plate  V.  is  a  perspective  view  of  a  three 
sided  beam,  projectbg  horizontally  from  a  walL  and 
loaded  with  a  weight  at  fi  just  sufficient  to  break  it 
DABC  is  a  vntical  plane  through  its  highest  point  D^ 
in  the  direction  Of  its  length,  a  Da  is  another  vertical 
section  perpendicular  to  A£.  The  piece  being  supposed 
of  insuperable  strength  everywhere,  except  in  the  section 
a  Do,  and  the  cohesion  being  also  supposed  insuperable 
along  the  line  a  A  a,  it  can  break  nowhere  but  in  this  se^ 
tion,  and  by  turning  round  a  A  a  as  round  a  hinge.  Make 
Dd  equal  tor  AD,  and  let  D  <i  represent  the  absohite  co» 
hesion  of  the  fibre  at  D,  which  absolute  cohesion  we  esft- 
pressed  by  the  Bjtobolf.  Let  a  plane  a  da.  be  made  ta 
jpass  through  au  and  d,  and  let  daV  be  another  cross  seo^ 
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tion.  It  18  plain  that  the  priamatic  solid  isontained  be^ 
tween  the  two  sections  a  2> a  and  a'da^  will  represeai  tlie 
fiiH  cohesion  of  the  wholesedion  of  finuature ;  for  ire  may 
concerre  this  prism  as  made  up  of  lines  such  as  F jf^  equal 
and  parallel  to  Dd  representing  the  absolute  cohesion  oC 
each  particle  sndi  as  F.  The  pyramidal  solid  d  Da  a,  cot 
off  by  the  plane  iaa^  will  represent  the  cohesions  aciwiHf 
exerted  by  the  different  fibres  in  the  instant  of  fracture^ 
For  take  any  point  £  in  the  surface  of  fracture^  and  draw 
£  e  paralld  to  AB,  meetng  the  plane  a  da  in  €»  and  let 
e  A£  be  a  Tertical  plane.  It  is  evident  that  Dd  is  to  £f 
as  AD  to  A£ ;  and  therefore  (since  the  forces  exerted  by 
the  different  fibres  are  as  their  eKten8ion«  and  their  eztenr 
sion  as  their  distances  from  the  axis  of  fracture)  £  e  will 
represent  the  force  actually  exerted  by  the  fibre  in  G 
while  D  is  exeiting  its  full  force  D  d.  In  like  manner^ 
the  plane  F  F// expresses  the  cohesion  exerted  by  all  the 
fibres  in  the  line  F  F,  and  so  on  through  the  whole  sur- 
face. ^Therefore  the  pyramid  da  a  D  expresses  the  aco«^ 
mulated  exertion  of  the  whole  sorfaoe  of  fracture. 

Farther,  suppose  the  beam  to  be  held  perpendicular  to 
the  horiaon,  wikh  the  end  B  uppermost^  and  that  the 
weig^  -of  the  prism  contained  between  the  two  sections 
a  Do  and  {i^daf  (now  horiaontal)  is  just  able  to  6ren- 
come  the  full  cohesion  of  the  section  of  fracture.  The 
weight  of  the  pyramid  dDaa  will  also  be  just  able  to 
mrereome  the  cohesioBs  aciuaUy  exerted  by  the  different 
fibres  in  the  instant  of  fracture,  because  the  weight  of 
each  fibre,  such  as  £  e,  is  just  superior  to  the  cohesion  ac- 
tnally  exerted  at  K 

Let  o  be  the  centre  of  gravity  of  the  pyramidal  solid, 

and  draw  oO  perpendicular  to  the  plane  a  Da.    The 

whole  weight  of  the  solid  d  Da  a  may  be  conceived  as  ac- 

•cunrolated  in  the  point  o,  and  as  acting  on  the  point  O, 

and  it  will  have  the  same  tendency  to  separate  the  two 

>^hering  surfuces  as  when  each  fibre  is  hanging  by  its  r^-* 
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^pective  point  For  this  reason  the  poiat  O  may  be  called' 
the  centre  of  actual  effort  of  the  unequal  forces  of  cohesion.- 
The  momentum,  therefore,  or  energy  by  which  the  coher- 
ing surfaces  ace  separated,  will  be  properly  measured  by. 
the  weight  of  the  solid  dDaa  multiplied  by  OA ;  and 
this  product  is  equal  to  the  product  of  the  weight  p  multi- 
plied by  BA,  or  by  /.  Thus,  suppose  that  the  cohesion 
along  the  line  AD  only  is  considered.  The  whole  cohe- 
sion  will  be  represented  by  a  triangle  ADd:  D  d  repre- 
sents/ and  AD  is  d,  and  Adhx.  Therefm-e  A  D  d  is  ^ 
fd.  The  centre  of  gravity  o  of  the  triangle  A  D  d  is  in 
the  intersection  of  a  line  drawn  from  A  to  the  middle  of 
D  d  with  a  line  drawn  from  d  to  the  middle  of  AD ;  and 
therefore  the  line  o  O  will  make  AO  =  $  of  A  d.  There* 
fore  the  actual  momentum  of  cohesion  is/x  ^  d  x  |  d,  =? 
fx  dxl  d  =f4x  }  d,  or  equal  to  the  absolute  cohesion 

acting  by  means  of  the  lever  — .     If  the  section  of  frac- 

ture  is  a  rectangle,  as  in  a  common  joist,  whose  breadth 
a  a  is  =  6,  it  is  plain  that  all  the  vertical  lines  will  h^ 
equal  to  AD,  and  their  cohesions  will  be  represeiited  by 
triangles  like  A  D  d;  and  the  whole;  actual  cohesion  wiU 
be  represented  by  a  wedge  whose  bases  are  vertical  planes, 
and  which  is  equal  to  half  of  the  parallelppiped  AD  X  P  d 
Xaa,  and  will  therefore  be=|/6d;  and  the  distance 
AO  of  its  centre  of  gravity  from  the  horizontal  line  AA 
will  be  §  of  AD.«  The  momentum  of  cohesion  of  a  joist 
will  therefore  be  ^/6d  x  g  d,  or /id  ^  d,  as  we  have  de- 
termined in  the  other  way. 

The  beam  represented  in  the  figure  is  a  triangular 
prism.  The  pyramid  D  a  a  d  is  J  of  the  prism  a  a  D  d  a'a\ 
If  we  make  s  represent  the  surface  of  the  triangle  a  D  a, 
the  pyramid  is  ^  off  a.  The  distance  AO  of  its  centre  of 
l^avity  from  the  horizontal  line  AA'  is  |  of  AD,  or  ^  d. 
Therefore  the  momentum  of  actual  cohesion  is  J/f  x^d,  == 
f8  I  d;  that  is,  it  is  the  same  as  if  the  full  cohesion  qf  i^l 
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the  fibres,  were  accumulated  at  a  point  I  whose  distance 
from  A  b  i  of  AD  or  d ;  or  (that  we  may  see  its  value  in 
every  point  of  view)  it  is  J  of  the  momentum  of  the  full 
cohesion  of  all  the  fibres  when  accumulated  at  the  point 
D,  or  acting  at  the  distance  d^zAD. 

This  is  a  very  convenient  way  of  conceiving  the  mo« 
Koentum  of  actual  cohesion,  by  comparing  it  with  the  mo- 
mentum of  absolute  cohesion  applied  at  the  distance  AD 
from  the  axis  of  fracture.  The  momentum  of  the  absolute 
cohesion  applied  at  D  is  to  the  momentum  of  actual  cohe- 
sion in  the  instant  of  fracture  as  AD  to  AI.  Therefore 
the  length  of  AI«  or  its  proportion  to  AD,  is  a  sort  of  in- 
dex of  the  strength  of  the  beam.  We  shall  call  it  the 
Ihdsx,  and  express  it  by  the  symbol  t. 

Its  value  is  easily  obtained.  The  product  of  the  absolute 
cohesion  by  AI  most  be  equal  to  that  of  the  actual  co- 
hesion by  AO.  Therefore  say,  ^'  as  the  prismatic  solid 
aaDda'  of  is  to  the  pyramidal  solid  a  a  D  d,  so  is  AO  to 
AL^  We  are  assisted  in  this  determination  by  a  very  * 
convenient  circumstance.  I|i  this  hypothesis  of  the  ac- 
tual cohesions  being  as  the  distances  of  the  fibres  from  At 
Ihe  point  O  is  the  centre  of  oscillation  or  percussion  of 
ithe  surface  D  a  a  turning  round  the  axis  aa;  for  the  mo- 
.mentum  of  cohesion  of  th^  line  FF  is  FF  k  F/x  EA  = 
FF  X  EAS  because  F/is  equal  to  EA.  Now  AO,  by 
the  nature  of  the  centre  of  gravity^  is  equal  to  the  sum  of 
all  these  momenta  divided  by  the  pyramid  aaUd;  that 
is,  by  the  sum  of  all  the  FF  x  F/;  that  is,  by  the  sum  of 

ii^u     i:«i7      ^A       rm.        r  Ar.         SUm   of  FF  X  EA« 

all  the  FF  x  EA.    Therefore  AO  = jr^« — ^rr-f 

sum  of  FF  X  EA  • 

which  is  just  the  value  of  the  distance  of  the  centre  of 
.percussion  of  the  triangle  a  a  I)  from  A.  Moreover,  if 
.G  be  the  centre  of  gravity  of  the  triangle  a  Do,  we  shall 
have  DA  to  G  A  as  the  absolute  cohesion  to  the  sum  of 
the  cohesions  actually  exerted  in  the  instapt  of  fracture; 
.  for,  by  the  nature  of  thb  centre  of  gr^vity^  AQ  i^  It^gual  to 
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sum  of  FF  X  £A  ' 

-TTT^ — 9  and  the  sum  of  FF  x  AG  is  equal  to 

sum  of  FF  ' 

the  nun  of  FF  X  E  A.    But  the  sum  of  all  th€  lines  FF  is 

thetriaagleaDa,  and  the  sum  of  all  the  FFxEAis 

the  sum  of  all  the  rectangles  FF//;  that  is,  the  pjra- 

mid  dDca.    Therefore  a  prism  whose  base  is  the tri- 

an^e  a  D  a,  and  whose  hei^t  is  AG,  is  equal  to  t^  p^- 

ramidy  or  will  express  the  sum  of  the  actual  cohesions  t 

and  a  prism,  whose  base  is  the  same  triangle,  and  whose 

beight  is  D  li  or  D  a,  expresses  the  absolute  oobesion^ 

Therefore  DA  is  to  6  A  as  the  absolute  cohesion  to  the 

wm  of  the  actual  cohesions. 

Consequently  we  have  DA :  6  A  =  OA :  I  A. 

Therefore,  whatever  be  the  form  of  the  beam,  that  is, 
whatever  be  the  figure  of  its  section,  find  the  centre  of 
4i8ciJlation  O,  and  the  centre  of  gravity  6  of  this  section. 
Call  their  distances  from  the  axis  of  fracture  4»  and  g.    Then 

AI  or  t  =  — :r-,  and  the  momentum  of  cohesion  is  fs  >c 

a 
o  g 
^~2^y  where  s  is  the  area  of  fracture. 

This  index  is  easily  determined  in  all  the  cases  which 
generally  occur  in  practice.  In  a  rectangular  beam  AI  is 
^  i{  of  AD ;  in  a  cylinder  (circular  or  elliptic)  AI  is  /iftfaa 
^AD,  &c. 

In  this  hypothesis,  that  the  cohesion  actually  exerted  by 
each  fibre  is  as  its  extensioi^,  and  that  tlie  extensions  of 
the  fibres  are  as  their  distances  from  A  (Plate  V.  fig.  L), 
it  is  plain  that  the  forces  exerted  by  the  fibres  D,  £, 
&c.  will  be  represented  by  the  ordinates  Dd,  £  f,  &c.  to  a 
straight  line  kd.  And  we  learn  from  the  princi]ries  of 
RoTATifMf  that  the  centre  of  percussion  O  is  in  the  ordi- 
nate which  passes  through  the  centre  of  gravity  of  the  tri- 
angle AD  d,  or  (if  we  consider  the,  whole  section  having 
breadth  as  well  as  depth)  through  the  centre  of  gravity  of 
the  solid  bounded  by  the  planes  DA>  d  A ;  and  we  fount! 
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th^t  this  pobt  O  was  the  centre  of  effort  of  tbe  colietions 
actually  exerted  in  the  instant  of  fracture^  and  that  I  waa 
tile  centre  of  an  tqwd  nom^iUiaB,  which  wduid]>epio- 
daoed  if  all  the  IQiret  were  aocamukited  diere  and  eaieited 
their  ^^  cohesion* 

Thb  consideration  enables  us  to  determine,  with  equal 
laetlitj  and  neatness,  the  strength  of  a  beam  in  anj  hypo- 
thesb  of  forces.  The  above  hjpotbesis  Was  introduced 
with  4t  cautious  limitation  to  moderate  strains,  which 
produced  no  permanent  change  of  form,  or  no  sett  as  the 
aitists  call  it :  and  this  suffices  for  all  purposes  of  practice;^ 
sfeeing  that  it  would  be  imprndent  to  expose  materiak  to 
more  violent  strains.  But  when  we  compare  this  iheorj 
with  experiments  in  which  the  pieces  are  really  hroken^ 
consideiuUe  deviations  may  be  expected,  because  it  is  verf 
prdbable  that  in  the  vicinity  of  mpluf e  the  farcea  are  tm 
longer  proportional  to  the  extensions. 

S79.  That  no  doubt  may  remain  as  to  the  justness  mA 
completeness  of  the  theory,  we  must  shew  how  the  mIa- 
tlve  strength  may  be  determined  in  any  other  hypothesis. 
Therefore  sfippose  that  it  has  been  estabUshed  by  experi- 
ment on  any  kind  of  solid  matter,  that  the  forces  actuall/ 
exerted  in  the  instant  of  fracture  by  the  fibres  at  D,  E, 
<ic.  are  as  the  ocdinates  JXi!^  £«',  &e.  of  any  dure  line 
A  e'  /.  We  %K%  supposed  to  know  the  form  of  this  curve^ 
and  Uuit  of  die  solid  which  is  bounded  by  the  vertical 
-plane  through  AD,  and  by  the  saWace  which  passea 
through  this  curve  A  e^  d'  perpendicularly  to  the  length  of 
the  beam.  We  know  the  place  of  the  centre  of  gravity 
of  this  curve  surface  or  solid,  and  can  draw  a  line  through 
it  parallel  to  AP,  and  cutting  the  surface  of  fracture  ni 
some  point  O.  This  point  is  also  the  centre  of  effort  of 
all  the  coherions  actually  exerted ;  and  the  product  of  .A0, 
and  of  the  solid  which  expresses  the  actual  cohesions,  will 
^e  the  momentum  of  cdbesion  equivalent  to  the  former 
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fs  --J-'    Or  we  may  find  an  index  AI,  by  making  AI 

a  f«iifdi  profiortional  to  the  faU  cohesion  of  the  surface 
of  fracture*  to  the  accumulated  actual  cohesions,  and  to 
AO ;  and  then  fsxi  (=  AI)  will  be  the  momentum 
of  cohesion ;  and  we  shall  still  have  I  for  the  point  in 
which  ail  the  fibres  may  be  supposed  to  exert  their'full 
Cohesion/)  and  to  produce  a  momentum  of  cohesion  equal 
to  the  real  momentum  of  the  cohesions  actually  exerted, 

and  the  relative  strength  of  the  beam  will  still  be  j?  =  =— — 

or  *^-^'  Thus,  if  the  forces  be  as  the  squares  of  the  exten- 
sions (still  supposed  to  be  as  the  distances  from  A),  the 
.  curve  A  c"  a'  will  be  the  common  parabola,  having  AB  for  its 
A^is  and  AD  for  the  tangent  at  its  vertex.  The  area 
AD  d'  will  be  ^d  AD  X  Dd ;  and  in  the  case.of  a  rectan- 
gular beam,  AO  will  be  fths  AD,  and  AI  will  be  ^th  of 
AD. 

.  We  may  observe  here  in  general,  that  if  the  forces  ae^ 
tually  exerted  in  the  instant  of  fracture  be  as  any  power  .f 

AD 

of  the  distance  from  A,  the  index  A I  will  be  = ^ 

.  for  a  rectangular  beam,  and  the  m«>mentum  of  cohesioa 
will  always  be  (ceteris  paribus)  as  the  breadth  and  as  tb^ 
aquare  of  the  depth ;  nay,  this  will  be  .the  case  whenever 
the  action  of  the  fibres  D  and  E  is  expressed  by  any  simi' 
hrjmdions  of  d  and  x.  This  is  evident  to  every  reader 
IKcquainted  with  the  fluxionary  calculus. 

As  far  as  we  can  judge  from  experience,  no  simple  al- 
gebraic power  of  the  distance  will  express  the  actual 
cohesions  of  the  fibres.  No  curve  which  has  either  AD 
or  AB  for  ks  tangent  will  suit.  The  observations  which 
we  made  in  the  beginning  shpw,  that  although  the  curve  of 
fl  llh  $g.  1.  mus^  be  sensibly  sUvight  in  the  vipinity  of  the 
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pphits  of  intersection  with  the  axis,  in  order  to  agree  with 
our  observations  which  show  the  moderate  eiftensions  to. 
be'  as  the  extending  forces,  the  curve  musi  be  concave  to- 
wiurds  the  axis  in  all  its  attractive  branches,  because  it 
antoit-agMii.  ThereforetbecurveAe'iftif  Plate  V.  fig.  1. 
■iMt  «Mke  a  finite  angle  with  AD  or  Afi,  and  it  must,  in 
all  probability,  be  also  concave  towards  AD  in  the  neigh- 
bourhood.of  d.     It  may  however  be  convex  in  some  part 
of  the  intermediate  arch.     We  have  made  experiments 
on  the  extensions  of  different  bodies,  and  find  great  di- 
versities in  this  respect :     But  in  all,  the  moderate  ex- 
tensions were  as  the  forces,  and  this  with  great  accuracy 
till  the  body  took  a  sett,  and  remained  longer  than  form- 
erly when  the  extending  force  was  removed.  > 
We  must  now  remark,  that  this  correction  of  the  Oali- 
lean  hypothesb  of  equal   forces  was  suggested  by  the 
tending  which  is  observed  in  all  bodies  which  are  strain- 
ed.trsnsversely.    Because  they  are  bent,  the  fibros  on  the 
convex  side  have  been  extended.     We  cannot  say  in 
^hat  proportion  this  obtains  in  the  different  fibres.    Our 
most  dbtinct  notions  of  the  intecnal  equittbriam  between 
the  particles  vender  it  highly  probable  that  their  exten*- 
aion  ia  proportional   to   their  distance  fr.om  that  fibre 
which  retains  its  former  dimenaiojis.     But  by  whatever 
law  thb  is  regulated^  we  see  plainly  that  the  actions  of 
the  stretched  fibres  must  follow  the  proportions  of  some 
function  of  this  distance,  and  that  therefore  the  relative 
strength  of  a  haam  is  in  ail  cases  susceptible  of  oiathema-. 
tical  determination.  ^ 
380.  We  alao  see  an  intimate  connectiom  between  the 
strain  and  the  curvature.    This  suggested  to  the  celebrat- 
ed. James  Bernoulli  the  problem  of  the  Elastic  Curve, 
i:  t.  the  curve  into  which  an  extensible  rigid  body  will  be 
*  bent  by  a  transverse  strain.     His  solution  in  the  Acta 
Lipddi  1694  and  1695  is  a  very  beautiful  specimen  of  ma- 
thematical discussion  ;    and  we  recommend  it  to  the 
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pernsal  of  tb^  curious  reader.  He  will  find  it  very  per^ 
spicuously  treated  in  the  firtt  volume  of  his  works, 
published  after  his  death,  whfere  the  wide  steps  which  he 
had  taken  in  his  investigation  are  explained  so  as  to  be 
eitfily  comprehended.  His  nephew  jban.  Bernoulli  has 
given  an  elegant  abridgment  in  the  Petersburgh  Memoirs 
for  1729.  The  problem, is  too  intricate  to  be  fully  dis* 
cussed  in  Br  wotrk  like  this  ;  but  it  is  also  too  imtimately 
connected  with  our  present  subject  to  be  entirely  omitted. 
We  nnist  content  ourselves  with  showing  the  leading 
mechanical  property  of  this  curve,  from  which  the  mathe^ 
matician  may  deduce  all  its  geometrical  properties. 

381.  When  a  bar  of  uniform  depth  and  breadth,  and 
of  a  given  lengUi,  ia  bent  into  an  arch  of  a  circle,  the  ex- 
tension of  the  outer  £bres  is  proportional  to  the  curvature ; 
ibr,  because  the  curves  formed  by  the  inner  and  outer 
ndes  of  the  beam  are  similar,  the  circumferences  are  as 
the  radii,  and  the  radius  of  the  inner  circle  b  to  the  dif- 
ference of  the  radii,  as  the  length  of  the  inner  drcnmfen- 
ence  is  to  the  difference  of  the  circumferences.  The  dif- 
ference of  the  radii  is  the  depth  of  the  beam,  the  differ- 
<ence  of  the  circumferences  is  the  extension  of  the  outer 
fibres,  and  the  inner  circumference  is  supposed  to  be  the 
primitive  length  of  Uie  beam.  Now  the  second  and  tUid 
quantities  of  the  above  analogy,  vts«  the  depth  and  length 
of  the  beam,  are  constant  quantities,  as  is  also  their  pro- 
duct. Therefore  the  product  of  the  inner  radius  and  the 
extension  of  the  outer  fibre  is  also  a  constant  quantity, 
^nd  the  whole  extension  of  the  outer  fibre  b  inversely  as 
the  radius  of  curvature,  or  b  directly  as  the  curvature  of 
the  beam. 

,The  mathematical  reader  will  readily  see,  that  ioto 
whatever  curve  the  elastic  bar  is  bent,  the  whole  exten- 
sion of  the  outer  fibre  is  equal  to  the  length  of  a  similar 
^ifxve,  havbg  the  same  proportion  to  the  tfaidc^ess  of  the 
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Warn  Uiftt  tbe  leDglh  of  the  beam  has  to  the  radius  of 
conratttre. 

Now  let  ADCB  (PI.  V.fig.a)  be  such  a  rod,  of  uniform 
breadth  and  thickness,  firmly  fixed  in  a  vertical  position, 
and  bent  into  a»curve  AEFB  by  a  weight  W  suspended 
at  B,  and  of  such  a  magnitude  that  the  extremity  Bhas  its 
tangent  perpendicular  to  the  action  of  the  weight,  of 
parallel  to  the  horison.    Suppose  too  that  the  extensions 
are  proportional  to  the  extending  forces.    From  any  two 
points  E  and  F  draw  the  h(Mizontai  ordinates  B6,  FH. 
It  is  evident  that  the  exterior  fibres  of  the  sections  E  e 
and  F/are  stretched  by  forces  which  are  in  the  propor* 
tion  of  EG  to  FH  (these  being  the  lohg  arms  of  the 
levers,  and  tbe  equal  thicknesses  E  e,  F/ being  the  short 
arms).    Therefore  (by  the  hypothesis)  their  extensions 
are  in  the  same  proportion.    But  because  the  extensions 
are  proportional  to  some,  similar  functions  of  the  distance 
from  the  axes  of  fracture  E  and  F,  the  extension  of  any 
fibre-in  the  section  E  e  is  to  the  contemporaneous  exten^ 
siott  of  the  similarly  situated  fibre  in  tiie  section  F  ^  as 
the  extension  of  the  exterior  fibre  in  the  section  E  e  is  to 
the  extension  of  the  exterior  fibre  in  the  section  F  /: 
therefore  the  whole  extension  of  E  e  is  to  the  whole  ex- 
tension of  F/  as  £6  to  FH,  and  E&i^  to  FH  as  tbe 
'  curvature  in  E  to  the  curvature  in  F. 

Here  let  it  be  remarked,  that  this  proportioilality  of 
the  curvature  to  the  extension  of  the  fibres  is  not  limited 
iio  the  hypothesis  of  the  proportionality  of  the  extensions 
to  the  extending  forces.  It  follows  from  the  extension  in 
the  different  sections  being  as  some  similar  function  of  the 
distance  from  the  axis  of  fracture ;  an  assumption  which 
cannot  be  refused. 

This  then  is  the  fundamental  property  of  the  elastic 
curve,  from  which  its  equation,  or  relation  between  tbe 
abscissa  and  ordinate,  may  be  deduced  in  the  usual  forms, 
and  an  its  other  geometrical  properties.    These  are  (o* 


Digitized  by  VjOOQIC 


4S0  STRENGTH  OP  MAtERIXLft 

reiga  to  our  purpose  i  and  we  shall  notice  onfy  sudh  pro- 
perties as  have  an  immediate  relation  to  the  strain  and 
strength  of  the  different  pArts  of  a  flexible  body,  and 
which  in  particular  serve  to  explain  sotne  difficulties  iii 
the  valuable  expedmenis  of  Mr  Buffon  on*the  Strength  of 
Beams. 

382.  We  observe^  in  the  first  place,  that  the  elastic 
curve  cannot  be  a  circle,  but  is  gradually  more  incurrated 
as  it  recedes  from  the  point  of  application  B  of  the  strain- 
ing forces.  At  B  it  has  no  curvature ;  and  if  the  bar 
were  extended  beyond  B  there  would  be  no  curvature 
there.  In  like  manner,  when  a  beam  is  supported  at  the 
ends  and  loaded  in  the  middle,  the  curvature  is  greatest 
in  the  middle ;  but  at  the  props,  or  beyond  them,-  if  the 
beam  extend  farther,  there  is  no  curvature.  Therefore 
when  "a  beam  projecting  20  feet  from  a  wall  is  bent  to  a 
certain  curvature  at  the  wall  by  a  weight  suspended  at 
the  end,  and  a  beam  of  the  same  size  projecting  20  feet 
is  bent  to  the  very  same  curvature  at  the  wall  by  a  greater 
weight  at  10  feet  distance,  the  figure  imd  the  mechanical 
state  of  the  beam  in  the  vicinity  of  the  wall  is  different  in 
these  two  cases,  though  the  curvature  at  the  very  wall  is 
the  same  in  both.  In  the  first  ease  every  part  of  the 
.beam  is  incurvated ;  in  the  second,  all  beyond  the  10  feet 
18  without  curvature.  In  the  first  experiment  the  curva- 
ture at  the  distance  of  five  feet  from  the  wall  is  fths  of 
the  curvature  at  the  wall ;  in  the  second,  the  curvature 
at  the  same  place  is  but  ^  of  that  at  the  wall.  This  must 
weaken  the  long  beam  in  this  whole  interval  of  five  feet, 
.because  the .  greater  curvature  is  the  result  of  a  greater 
extension  of  the  fibres. 

383.  In  the  next  place,  we  may  remark,  that  there  is  a 
certain  determinate  curvature  for  every  beam  which  can- 

.not  be  exceeded  without  breaking  it ;  for  there  is  a  cer- 
tain separation  of  two  adjoining  particles  that  puts  an  end 
to  their  cohesion.     A  fibre  can  therefore  be  e3;teBd^ 
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only  a  oerteia  proportion  of  its  lengths  The  iiltimate 
extension  of  ibe  Outer  fibres  must  bear  a  certain  deter- 
minate' proportion  to  its  length,  and  ibis  proportion  is  the 
same  with  that  of  the  thickness  (or  what  we  have  hither-  ' 
to  called  the  depth)  to  the  radius  of  ultimate  curvature, 
which  is  therefore  determinate. 

384.  A  beam  of  uniform  breadth  and  depth  is  there- 
fore most  incurrated  where  the  strain  is  greatest^  and  will 
break  in  the  most  incurrated  part  But  bj  changing  its 
form,  so  as  to  make  the  strength  of  its  different  sections 
in  the  ratio  of  the  strain,  it  is  evident  that  the  curvature 
majr  be  the  same  throughout,  or  may  be  made  to  vary- 
according  to  any  law;  This  is  a  remark*  worthy  of  the 
attention  of  the  watchmaker.  The  most  delicate  pro« 
Uem  in  practical  mechanics  is  so  to  taper  the  balance*- 
spring  of  a  watch  that  its  wide  and  narrow  vibrations 
may  be  isochronous.  HookeV  principle  al  temio  ncvtsiB 
not  sufficient  when  we  take  the  inertia  and  motion  of  the 
spring  itself  into  the  account  •  The  figure  into  which  it 
bends  and  unbends  has  also  an  influence.  Our  readers 
will  take  notice  that  the  artist  aims  at  an  aecuhicy  which 
will  not  admit  an  error  of  vvltj^th,  and  that  Harrison 
and  Arnold  have  actually  attained  it  in  several  instances. 
The  taper  of  a  spring  is  at  present  a  nostrum  in  the 
hands  of  each  artist,  and  he  b  careful  not  to  impart  hb 
secret. 

Again,  since  the  depth  of  the  beam  is  thus  proportional 
to  the  radius  of  ultimate  curvature,  this  ultimate  or  break- 
ing curvature  is  inversely  as  the  d^th.     It  may  be  ex« 

]pressed  hy  — . 

385.  When  a  weight  b  hung  on  the  end  of  a  prismatic 

team,  the  curvature  b  nearly  as  the  weight  and  the  length 

directly,  and  as  the  breadth,  and  the  cube  of  the  depth  in- 

b  d* 
versely ;  for  the  strength  is  =  /  -^-7-.     Let  us  suppose 
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tbat  this  produces  the  ultimate  curvature  -y.  Now  let 
tbe  beao^  be  loaded  with  a  smaller  weight  t^,  and  kt  the 
curvature  produced  be  C,  we  have  this  analogy /-^r^  :  w 

c=  -r- :  C,  and  C  =  -^rii-     '^  ^s  evident  that  this  is  also 
a  /^w 

tetie  of  a  beam  supported  at  the  ends  add  loaded  betwceii 

the  props;  and  we  see  hour  to  detennbie  the  curvature  uk 

its  difSirMt  paits,  Whether  arising  frODir  the  load,  or  froni 

i^  own  weight,  or  from  both. 

366.  When  a  beam  is'  thus  loaded'at  the  end  or  mkU 

die,  the  loaded  point  is  polled  down,  and  the  space 

thrdugb  which  it  is  drawn  miky  be  ealled  the  sBVLEcrtor. 

This  may^lbe  considered  as  the  snb-lense  of  the  ang^e  of 

covtacC^  or  as  the  versed  sine  of  the  arch  into  which  the 

fceaai>is  bent^  and  is  therefore  as  the  cnrvature  when  the 

length  ctf  the  arcfae»  is  given  (die  flexure  being  ttoderate), 

and  as  the  square  of  the  length  of-  the  ardi  w&en  the  cur^ 

vature^  is  given.    The  deflection  therefore  is  as  the  cnrva* 

ture  and  as  the  square  of  the  length  of  the  arch  jointly ; 

that  is,as-r-r-T;j-  x  /*,  or  as  -xr-ir^-    The  deflection  from 
jb er  JO  if 

the  primitive  shape  is  therefore  as  the  bending  weight 

and  the  cube  of  the  length  directly,  and  as  the  breadth 

and  cube  of  the  depth  inversely. 

387.  In  beams  just  ready  to  breaks  the  csrvature  is  as 
the  depth  inversely,  and  the  deflectioii  is  as  the  square  of 
the  length  divided  by  the  depths  for  the  ultimate  curva- 
ture at  the  breaking  part  is  the  same  whatever  is  the 
length ;  and  in  this  case  the  deflecti<fn  is  as  the  square  of 
the  length. 

We  have  been  the  more  pa^ticuIlBr  Jn  our  consideration 
of  this  subject,  because  the  resulting  theorems  afford  iMt 
the  finest  methods  of  examining  the  laws  of  ^rpuscular 
acUoni  that  is^  for  discovering  the  variation  of  the  forc^ 
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4f  cohesion  by  a  change  of  distiuice.  It  is  true  it  is  not 
the  atomical  laif,  or  Htlarchic  PatNctFLK,  as  it  maj 
justly  be  tetled,  which  Is  thos  made  accessible^  but  the 
specific  law  of  the  particles  «€  the  substance  or  kind  of 
matter  under  examination.  But  eren  this  is  a  very  great 
point ;  and  Coincidences  in  this  respect  among  the  diffe- 
rent kinds  of  matter  are  of  great  mometit  We  may  thus 
learn  the  nature  of  the  corptiscuiar  action  of  different 
substances^  and  perhaps  approach  to  a  discorefy  of  th^ 
fiKthamnA  of  chemical  affinities;  t*or  that  cbemtcal  ac^ 
timis  are  insensible  cas^s  of  local  motion  is  undeniable, 
and  local  motion  is  th^  prortnce  of  mechanical  discussion ; 
nay,  we  see  that  these  bidden  changes  are  ph)duced  by 
mechanical  forces  in  many  important  cases,  for  we  see 
them  promoted  or  presented  by  means  purely  mechanical. 
The  conterston  of  bodies  into  elastic  rapour  by  heat  can 
at  idl  tim^  lie  prerented  by  a  it^gkient  extemat  pressure 
A  strong  solution  of  Glauber^s  tatt  will  congeal  in  an  in^ 
slant  by  agitation,  giring  out  its  latent  heat;  ttid  It  vtHl 
remain  flbid  fo^  erer,  and  letum  its  latent  beat  in  a  close 
▼essel  which  it  completely  fills,  ^iren  wateir  wHl  by  suck 
treatment  freeze  in  an  instant  by  agitation,  or  remain 
fluid  for  erer  by  confinement.  We  know  that  heat  is 
produced  or  extricated  by  friction^  that  certain  com*- 
pounds  of  gold  or  sikef  with  saline  matters  explode  with 
irresistibk  violence  by  the  smallest  pressure  or  agitation. 
8u(^  facts  should  rouse  the  mathematical  philosopher,  and 
excite  him  to  follow  out  the  conjectures  of  the  illustrious 
Newton^  encouraged  by  the  ingenious  attempts  of  Bosco'^ 
Vich ;  and  the  proper  beginning  of  this  study  is  to  attend 
to  the  laws  df  attraction  and  repulsion  exerted  by  the 
particles  Of  cohering  bodies^  discorerable  by  experiments 
made  on  their  actual  extensions  and  compressions.  The 
experiments  of  simple  extensions  and  compre^ons  are 
qnite  insufficient^  because  the  to^  stretching  of  a  wire  is 
so  small  a  quantity^  that  the  mistake  of  the  lOOOtb  part 
voj/.  f.  2  b 
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of  an  inch  occasions  an  irregularity  which  deraiiges  any 
progression  so  as  to  make  it  useless.  But  by  the  bending 
of  bodies,  a  distension  of  T^^th  of  an  inch  may  be  easily 
magnified  in  the  deflection  of  the  spring  ten  thousand 
times.  We  know  dhat  the  investigation  is  intricate  and 
difficult,  but  not  beyond  the  reach  of  our  present  mathe- 
matical attainments;  and  it  will  give  very  fine  oppor- 
tunities of  employing  all  the  address  of  analysis*  In  the 
last  century  and  the  beginning  of  the  present  this  was  a 
jsufficient  excitement  to  the  first  geniuses  of  Europe.  The 
cycloid,  the  catenaria,  the  elastic  curve,  the  velaria,  the 
caustics,  were  reckoned  an  abundant  recompense  for  much 
«tudy;  and  James  Bernoulli  requested,  as  an  honourable 
monument,  that  the  logarithmic  spiral  might  be  inscribed 
on  his  tombstone.  The  reward  for  the  study  to  which 
we  nofir  presume  to  incite  the  mathematicians  is  the  al- 
most unlimited  extension  of  natural  science,  important  in 
every  particular  branch.  To  go  no  further  than  our  pre- 
sent subject,  a  great  deal  of  important  practical  know- 
jiedge  respecting  the  strength  of  bodies  is  derived  from 
the  single  observation,  that  in  the  moderate  extensions 
which  happen  before  the  parts  are  overstrained,  the  forces 
fire  nearly  in  the  proportion  of  the  extensions  or  separa- 
tions of  the  particles.  To  return  to  our  subject.  * 
,  388.  James  Bernoulli,  in  his  second  dissertation  on  the 
elastic  curve,  calls  in  question  this  law,  and  accommodates 
his  investigation  to  any  hypothesis  concerning  the  relation 
of  the  forces  and  extensions.  He  relates  some  experi- 
pients  of  lute  strings  where  the  relation  was  considerably 
diiTerent.     Strings  of  three  feet  long. 

Stretched  by  S,     4,     6,     8,  10  pds. 

Were  lengthened     9,  17,  23,  27,*30  lines. 
But  this  is  a  most  exceptionable  form  of  the  experiment. 
'Xhe  strings  were  twisted,  and  the  mechanism  of  the.  ex- 
tensions is  here  exceedingly  complicated,  combined  with 
compressions  and  with  transverse  twists,  &c.     We  made 
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•xperfanents  oh  fine  slips  of  the  gum.  caoukhoiu^  and. on 
the  juice  of  the  berries  of  the  white  bryony,  of  whkbia 
9tngie  grain  will  draw  to-  a  thread  of  two  feet' .long,  and 
again  return  into  a  perfectly  round  sphere*^  We  measuced 
the  diameter  of  the  thread  by  a  microacope  Witb^aoiicra- 
.  meter,  and  thus  could  tell  in  every  state  of  .esut^nsion  tb& 
proportional  iiumber  of  particles  in  the.  sections.  .We 
founds  that  though  the  itrholfe  range  in  wbich  .the  djstwee 
of  the  particles  was  changed  in  the  proportion  of  l3(to  l^ 
the  extensioifs  did  not  sen^^  deviate  from.t^  propor- 
tion of  th^  forcesA.  The  same  thing  w^s  obaei^ed  io^tlie 
caoutchouc  as  long  as  it  perftctly  reeovere^  its  first  dw 
mensions.  And  it  is  on  tlie' authority  pf;  tbes^  ezperi*^ 
menCs  that  we  presume  to  announce  this  as  a  law  of  na- 
ture. 

380.  Dr  Robert  Hooke  was  undbubtedly  t}ie  firqt  who. 
attended  to  this  subject^  and  assumed  this  as  a  law  of. 
nature.  Mi^icwtte  iad^red  .  was  the  first  w1h>  .estpresAly, 
used  it  for  determining  the  strebgtb  of.  beaips  i  this  be 
did  ^out  the  1676,  correctii^  the  simply  thepry  of  Ga- 
lileo. Leibnitz  indeed,  in  his  dissertation  de  Jteat^teiUut. 
SoUdwwm^  in  the  At^a  Eruditcrwn  1684^  introduces  this 
consideration,  and  wishes  to  be  regarded  as  the  disco- 
verer ;  and  be  is  always  adeoowledged  as  sueh  by  the 
Berndullis  and  others  who  adhered  4o  his  peculiar  doc- 
trines. But  Mariotte  had  published  the  doctrine  in  the 
most  express  terms  long  before;  and  Bulfing^r,  in  the 
Ccmmtni.  PetropoL  1729,  completely  vindiaates  his  claim. 
But  Hooke  was  unquestionably  the  discovei^er  of  this  law. 
It  made  the  foundation  of  bis  theory  of  springs,  announ- 
ced to  the  Koyal  Society  about  the  year  1661,  and  read 
in  1666*  On  this  occasion  he  mei^iions  many  things  on 
the  stjrength  of  bodies  as  quite  fan^liar  to  his  thoughts, 
i^biah  are  immediate  deductions  from,  th^s  principle ;  and 
among  these  all  the  facts  which  Jqhp  BernouUi  addyces 
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in  mppcut  of  LeibniUi'i  notions  about  the  force  of  bodies^ 
in  .motion. 

390.  But  eres  with  tUs  fint  correction  of  Mariotte, 
tbe  medisnidm  of  transrene  strain  is  not  fullj  nor  justlj 
exfriained.  The  foree  acting  in  the  direction  BP  (Plate  V. 
tg.  1.),  and  bending  the  body  ABCD,  not  onlj  stretches 
tbe  fibres  on  the  side  opposite  to  the  axis  of  fracture,  but 
compresses  the  side  AB,  which  becomes  eoncsTe  by  the 
strain^  Indeed  it  cannot  do  the  one  without  doing  the 
other :  For  in  order  to  sfret^  the  fibres  at  D,  there  must 
lie  some  fUcrum,  some  support,  on  which  the  virtual 
lever  BAD  majr  (Mress,  that  it  may  tear  asunder-  the 
etretched  fibres.  This  fulcmm  most  sustain  both  the 
pressure  arising  from  tiie  cohesion  of  the  distended  fibres^ 
imd  also  the  action  of  the  external  force,  which  immedi- 
ately Imds  to  cause  the  prominrat  part  of  the  beam  to 
slide  along  the  section  DA.  Let  BAD  therefore  be 
considered  as  a  brooked  lever,  of  which  A  is  the  fuU 
erum.  Let  an  extonal  force  be  applied  at  B,  in  the  di- 
rection BP,  and  let  a  force  equal  to  the  accumulated  co- 
liesion  of  AD  be  applied  at  O  in  tl|e  direction  opposite  to 
AB,  that  is,  perpendicular  to  AO;  and  let  these  two 
forces  be  supposed  to  balance  each  other  by  the  interven- 
tion of  the  le^er.  In  the  first  place,  the  force  at  O  must 
be  to  thefoive  at  B  as  AB  to  AO:  Therefore,  if  we 
make  AK  equal  and  opposite  to  AO,  and  AL  equal  and 
Opposite  to  ABf  the  common  principles  of  mechanics  in- 
form us  that  the  fulcrum  A  is  affected  in  the  same  man- 
ner as  if  the  two  forces  AK  and  AL  were  immediately 
applied  to  it,  the  foree  AK  being  equal  to  the  weight  P, 
and  AL  equal  to  the  accumulated  cohesion  actually  ex- 
erted in  the  instant  of  fracture*  The  fulcrum  b  there- 
fore reaUy  firessed  in  the  direction  AM,  the  diagonal  of 
the  parallelogram^  and  it  must  resist  in  the  direction  «nd 
with  the  foree  MA ;  and  this  powm*  of  resistance,  this 
^PPV^  iDVst  be  furnished  by  the  repulsive  forces  exerted 
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bjr  ihoae  pariielet  onfy  which  ore  in  a  slate  of  aetual  com- 
pression. The  force  AK,  which  is  equal  to  the  txte^^ 
force  P,  most  be  resifted  in  the  directiott  SLA  by  the  Ute« 
fal  cohesion  of  the  whole  partidet  liatween  D  and  A  (tihe 
particle  D  is  not  onlf  dnwn  forward  bat  downward). 
This  prerents  the  part  CDAB  from  sliding  dowtt  along 
the  section  DA. 

991.  This  is  fully  rerlied  bj  eiqperiittent  If  we  at- 
tempt  to  break  a  long  slip  of  cork,  or  any  such  rery  com- 
pressible body,  we  always  observe  it  to  balge  out  ott  the 
concave  side  before  it  cracka  on  the  other  side;  If  it  ia  a 
body  cf  fibrous  or  foliated  texture,  it  scidom  fa8s  spKo- 
tering  off  on  the  concave  tide ;  and  in  many  casea  tUa 
splinteriflg  is  very  deep,  even  readiing  half  way  througK 
the  piece.  In  hard  and  granulated  bodies,  sueh  as  a  piaoe 
of  freestone,  chalk,  dry  day,  sugar,  and  the  Ifloe,  we  g^ 
nendly  see  a  considerable  ^Bnter  or  diivar  6y  off  fnim 
ihe  hollow  side.  If  the  fracture  be  slowly  made  by  a  force 
at  B  gradually  augmented,  the  formation  of  ihe  splintar 
is  very  distinctly  seen.  It  forms  a  teianguhr  piece  lake 
u  I  i,  which  generally  breaks  in  the  middle.  We  doubt 
not  but  that  attentive  observation  would  show  that  the 
direction  of  the  crack  on  each  ride  of  I  ia  not  very  diflRe- 
rent  fiom  the  durection  AM  and  its  correspondent  on  the 
other  side.  This  is  by  no  means  a  efammstaace  dT  idle 
imriosity,  but  intimately  ccmnected  with  the  mechanism 
of  cohesion. 

808«  Let  us  see  what  consequences  result  from  this 
atate  of  the  case  respecting  the  atrength  of  bodice.  Let  D 
A  KC  (PUte  V.  fig.  4.)  represent  a  vertical  section  of  a  prism 
of  compressible  materials,  such  as  a  piece  of  timber.  Sup- 
pose it  loaded  with  a  weight  P  hung  at  ita  extremity. 
Suppose  it  also  of  such  a  oonstitution  that  all  the  fibres  in 
AD  are  in  a  state  of  diUtation,  while  those  in  A  A  are  In  a 
alata  of  compression.  In  the  instant  of  fracture  the  par- 
^tioles  at  D  and  £  are  witbhd4  by  focces  D  d,  S  t,  and 
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ihe->plMrticle^'at  A  ftnd  E  repei/  resist,  or  suppprt,  with, 
forces  A  )»Ek'  » 

.  r  Soide  >lihe>  'such  ttsde  A'l ),  will  limit  all  these  ordin- 
'at^,/\fv4ktebJrcf)re9eBt  the  forces  actually  exerted  in  the 
iastfUdt  of  iractiire.  If  "the  forces  are  as  the  extensions 
and  c^aptessionsy-as  we  have'  great  reason  to  believe, 
de  A  and  A  «  i  will  be  two  straight  lines.  They  will 
.faru  one  stnright'  line  d-  A  iy  if  the  forces  which  resist  a 
.eertain  dtlataiion  are  equal  to  the  forces  which  resist  an 
'equal  compression.  '  But  this  is  quite  accidental,  iEtnd  is 
not  strictly  itue-  in  any  body.  In  most  bodies  which 
have  ajay  considerable  firmness,  the  compressions  made 
'bjrany-external  force  are  not  so  great  as  the  dilatations 
'^hich  the  same. force  would  produce;  that  is,  the  repul- 
aioDs  which  are  excited  by  any  sbpposed  degree  of  cook 
•  pression  Bke  greater  than  the  attractions  excited  by  the 
same  degree  of  dilatation.  Hence  it  will  generally  follow, 
that  the  angle  d  ADis  less  than  the  angle  ^  A  a,  and  the 
orditaates  B  d,  E  f ,  &c.  are  le^  than  the  corresponding 
ordinates  A  ^  £  i,  8tc, 

But  whatever  be  the  nature  of  the  line  d  A^  ^^  &■*« 
certaid  of  this,  that  the  whole  area  A  D  d  is  equal  to  the 
whole  area  A  a  ) :  for  as  the  force  at  B  is  gradually  in- 
creased, and  the  parts  between  A  and  D  are  more  ex- 
tended, and  greater  cohesive  forces  are  excited,  there  is 
always  such  a  degree  of  repulsive  forces  'excited  is  the 
particles  between  A  and  A  that  the  one  set  precisely  ba^ 
lances  the  other.  The  force  at  B,'  acting  perpendicularly 
to  AB,  has  no  tendency  to  push  the  whole  piece  closer  oA 
the  part  next  the  wall  or  to  pull  it  aw^y.  The  sum  of 
the  attractive  and  Repulsive  forces  actually  excited  must 
therefore  be  equal.  '  These  sums  are  represented  by  the 
two  trianguhir  areas,  which  are  therefore  equal. 

The  greater  we  suppose  the  repulsive  forces  cmrrespond- 
ing  to  any  degree  of  compression,  in. comparison  with  the 
-attractive  forces  corres|>oiidif)g  to  the  same  degree  of*  ex- 
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tension,  the  smaller  will  A  A  be  in  comparison  of  AD. 
In  a  piece  of  cork  or  sponge,  A  A  may  chance  to  be  equal 
to  AD,  or  even  to  exceed  it;  but  in  a  piece  of  marble, 
A  A  will  perhaps  be  very  small  in  comparbon  of  AD. 

393.  Now  it  is  evident  that  the  repulsive  forces  excited 
between  A  and  A  have  no  share  in  preventing  the  frac* 
ture.  They  rather  contribute  to  it,  by  furnishing  a  ful* 
crum  to  the  lever,  by  whose  energy  the  cohesion  of  the 
particles  in  AD  is  overcome.  Hence  we  see  an  important 
consequence  of  the  compressibility  of  the  body.  Its  power 
of  resisting  this  transverse  strain  is  diminished  by  it,  and 
so  ranch  the  more  diminished  as  the  stuff  is  more  com* 
pressible. 

This  is  fully  verified  by  some  very  curious  experiments 
made  by  Du  Hamel.  He  took  16  bars  of  willow  2  feet 
long  and  ^  an  inch  square,  and  supporting  them  by  props 
under  the  ends,  he  broke  them  by  weights  hung  on  the 
middle.  He  broke  4  of  them  by  weights  of  40,  41 ,  Alt 
and  52  pounds:  the  mean  is  45.  He  then  cut  4  of  thenH 
|d  through  on  the  upper  side,  and  fiHed  up  the  cut  with 
a  thin  piece  of  harder  wood  stuck  in  pretty  tight.  These 
were  broken  by  46,  54,  50,  and  52  pounds ;  the  mean  of 
which  is  51.  He  cut  other  four  ^  through,  and  they  were 
broken  by  47,  49,  50,  46 ;  the  mean  of  which  is  48.  The 
^  remaining  four  were  cut  f  ds ;  and  their  mean  strength 
was  42. 

Another  set  of  his  experiments  is  still  more  remark- 
able. 

Six  battens  of  willow,  36  inches  long  and  1^  square, 
were  broken  by  525  pounds  at  a  medium.  ' 

Six  bars  were  cut  |d  through,  and  the  cut  filled  with  -fc 
wedge  of  hard  wood  stuck  in  with  a  little  force :  these 
broke  with  561. 

Six  bars  were  cut  half  through,  and  the  cut  was  filled 
in  the  same  manner :  they  broke  with  542. 

Six  bars  were  cut  f  ths  through ;  these  broke  with  630.* 
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A  batten  cat  ftbs  through,  and  loaded  till  nearlj  bro* 
^  fcep,  was  unloaded,  and  the  wedge  taken  out  of  the  cut 
A  thicker  wedge  was  put  in  tight,  so  as  to  make  the  bat* 
ten  straight  again  bj  filling  up  the  space  left  bj  th« 
compression  of  the  wood:  this  batten  broke  with  57T 
pounds. 

Froni  this  it  is  plain  that  more  than  gds  of  the  thick* 
ness  (perhaps  nearly  |tbs)  contributed  nothing  to  the 
strength. 

The  point  A  is  the  centre  of  fracture  in  this  case ;  ani) 
in  order  to  estimate  the  strength  of  the  piece,  w^  may 
auppose  that  the  crooked  leyer  virtually  concerned  in  the 
strain  is  DAB.  We  must  find  the  point  I,  which  is  the 
iDontre  of  effort  of  all  the  attractjive  forces,  or  that  point 
where  the  fi|ll  cohesion  of  AD  must  be  applied,  so  as  to 
have  a  mofnentum  equal  to  the  accumulated  monienta  of 
all  the  variable  forces.  Wp  must  in  like  manner  find  the 
centre  of  effort  t  of  the  repulsive  pr  supporting  forces  ez^ 
^ted  by  the  fibres  lying  between  A  and  A, 
.  It  is  pHn,  aod  the  remark  is  important^  that  this  la^l 
centre  of  effort  is  the  real  f|ilcrum  of  the  lever,  although 
A  is  the  point  where  ther^  is  neither  extension  nor  con- 
traction ;  for  the  lever  is  supported  in  thp  same  manner 
AS  if  the  repuUio{)s  of  the  whole  line  A  A  were  exerted  at 
that  point  Therefore  let  S  represent  the  surface  of  frac- 
ture from  A  to  D,  and  /  represent  the  absolute  cohesion 
of  a  fibre  at  D  in  the  instant  of  f|ra<^ture.  We  shall  h^Ye 
/SxI  +  *=pZ,  or/:I  +  i=/S:p;  that  is,  the  length 
AB  is  to  the  distance  between  the  two  oentrea  of  eflfoft  I 
and  i\  as  the  absolute  frphesiop  of  the  section  between  A 
and  D  is  to  the  relative  strengtb  of  tlie  section* 

It  would  be  perhaps  more  accurate  ta  make  AI  and  A  i 
equal  to  the  distances  of  A  Arom  the  horiaont^  lines  pas- 
sing througl^  the  centre9.  of  gravity  of  the  triangles  dAD 
and  ^  A  A.  It  is  only  in  (his  constniaion  that  the  points 
}  and  f  are  the  centres  of  real  efibrf  of  the  accumulated 
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attractions  aad  repulnons.    Sut  I  4iid  i,  determiBed  as 

we  hare  done,  are  tl^e  points  where  the  fall,  equal,  actions 

maj  be  aU  applied,  so  as  to  produce  the  saoie  mooieats. 

The  final  results  are  the  san^e  in  both  eases,    The  ^tten* 

ttve  and  duly  infomied  reader  will  see  that  Mr  Buifiiiger, 

in. a  very  elaborate  dissertation  on  the  strength  of  beams 

in  the  Cinvment.  PHfvpolit€m,  1729,  has  eomn^itted  several 

inistakes  in  his  estimation  of  the  actions  of  the  fibres.   Wo 

mention  this  because  bis  reasonings  are  quoted  ai|4  ^p« 

pealed  to  as  authorities  by  Muscbenbroek  and  other  ,au4 

tbors  of  note.    The  subject  has  been  considered  by  siany 

authors  on  the  continent.    We  recommend  to  the  reader^a 

perusal  the  very  minute  discussions  jn  the  Memoirs  of  tbt 

Academy  of  Paris  for  }708  by  Vajpigaon,  the  Memoirs 

for  1708  by  Parent,  and  particularly  that  of  Coiibmb  i^ 

|he  Mem.  par  hs  Sf§va$^  fUrqngtr^t  tov^*  Ti>* 

It  is  evident,  fram  what  lias  beep  said  aboVe^  that  if  S 

md  s  represent  th0  sur&ees  of  the  seetioiis  above  and  bet 

low  A,  and  if  G  and  ^  are  the  distanoea  of  their  oenlreaof 

gravity  from  A,  and  Q  and  •  the  distaoeee  of  their  ceirtret 

pf  oscillatiw,  aad  D  ap4  4  tlieir  whole  depths,  the  mo* 

1^     .    •        Mt  /S'G*0    /suBT.o. 
mentQm  of  cohesion  wu  be'' — -=r —  +"^"^ —  ^  pL 

If  (as  is  most  likely)  tb«  forces  are  proportional  to  %h% 
extensions  apd  compressiQiis^  the  distanees  AI  wd  A  4 

which  are  respectively  =?  -jr-  and  ^-r—  are   respect* 

avely  sr }  X>A,  and  }  A  A ;  a»d  when  taken  toother  are 
=  ^  D  A.  If,  mefC|piver»  the  extenssons  are  eqsMl  to  the 
compressions  in  the  instant  oi  ftacturc^  and  the  body  is  a 
rectangular  priam  like  a  common  joist  orbesnif  then  DiA 
and  A  A  are  (^sq  ^iial;  aqd  therefore  the  momentum  of 

cohesionis/ftxldxfd=r:^^^^  :=/6  dx  }  d  ;s:j>  4 
llenae  we  obtak&thiaai«a)ogyi  «<  Six  times  the  length  U«i 
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the  depth  as  the  absolute  cohesion  of  the  section  is  to  its 
relative  strength.'^ 

394.  Thus  we  see  that  the  compressibility  of  bodies  has 
a  very  great  influence  on  their  power  of  withstanding  a 
transverse  strain.  We  see  that  iii  the  most  favourable 
supposition  of  equal  dilatations  and  compressions,  the 
strength  is  reduced  to  one  half  of  the  value  of  what  it 
would  have  been  had  the  body  been  incompressible.  This 
is  by  no  means  obvious;  for  it  does  not  readily  appear' 
bow  compressibility,  which  does  not  diminish  the  cohe-» 
iion  of  a  single  fibre,  should  impair  the  strength  of  the 
whole.  The  reason,  however,  is  sufficiently  convincing 
when  pointed  out.  In  the  instant  of  fracture  a  smaller 
pWion  of  the  section  is  actually  exerting  cohesive  forces, 
while  a  part  of  it  is  only  serving  as  a  fulcrum  to  the  lever, 
by  whose  means  the  strain  on  the  section  is  produced. 
We  see  too  that  this  diminution  of  strength  does  not  so 
much  depend  on  the  sensible  compressibility,  as  on  its 
proportion  to  the  dilatability  by  equal  forces.  When  this 
proportion  is  small,  A  A  is  small  in  comparison  of  AD, 
and  a  greater  portion  of  the  whole  fibre  is  exerting  attrac- 
tive forces.  The  experiments  already  mentioned  of  Du 
Hamel  de  Monceau  on  battens  of  willow,  shew  that  its 
impressibility  is  nearly  equal  to  its  dilatability.  But 
the  case  is  not  very  different  in  tempered  steel.  The  fa^ 
mous  Harrison,  in  the  delicate  eqcperiipents .  which  h^ 
made  while  occupied  in  making  his  longitude^  watch,  dis- 
covered that  a  rod  of  tempered  steel  was  nearly  as  much 
dimtniihe^  in  its  length,  as  it  was  augmented  by  the  same 
external  force.  But  it  is  not  by  any  means  certain  that 
this  is  the  proportion  of  dilatation  and  compression  which 
obtains  in  the  very  instant  of  fracture.  We  rather  ima- 
gine that  it  is  nqt  The  forces  are  nearly  as  the  dilatar 
t^ons  till  very  near  breaking ;  but  we  think  that  they  di« 
ininish  when  the  body  is  just  going  to  break.    But  k 
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teenas  certain  that  the  forces  which  resist  compressioD  in-* 
iirease  faster  than.  the.  compressions,  even  before  fracture. 
.We  know  incontestable,  that  the  ultimate  resistances  to 
compression  are  insuperable  by  any  force  which  we  can 
employ.  The  r/epulsive  forces  therefore  (in  their  whole 
.extent)  increase  faster  than  the-  compressions,  and  are 
expressed  by  an  asymptotic  branch  of  the  Boaeovichian 
curve  formerly  explained.  It  is  therefore  probable,  espct 
cialjy  in  the. more  sioctple  substances,  that  they  increase 
faster,  even  in  such  compressions  as  frequently  obtain  in 
the  lireaking  of  hard  bodies*  We  are  disposed  to  think 
that  ijiis  is  al^Tays  the  ca^e  in  such  bodies  as  do  not  fly  off 
JA.cplinters  on  the. concave  side ;  but  this  must  be  under- 
stood with  the  exception  of  the  permanent  changes  i^hich 
laiay  be  made  by  cqmpreasion,  when  the  bodies  are  crippled 
by  it.  Tl)is  always,  increases  the  compression  itself,  and 
causes  the  neutral  point  to  shift  still  more  towards  D. 
The  effect  of  this  is  sometime^  very  great  and  fatal. 

Experiment  alone  can  help  us  to  discover  the  propor- 
tion between  the  ditatability  and  compressibility  of  bodies. 
The  strain  now  under  consideration  seems  the  best  calcu- 
lated for  this  research.  Thus,  if  we  find  that  a  piece  of 
wood  an  inch  square  Requires  12,000  pounds  to  tear  it 
asunder  by  a  direct  p^uU,  and  that  300  pounds  will  break 
it  transversely  by  acting  10  inches  from  the  section  of 
fracture,  we  must  conclude  that  the  neutral  point  A  is  in 
the  middle  of  the  depth,  and  that  the  attractive  and  re- 
polsive  forces  are  equal.  Any  notions  that  we  can  form 
of  the  constitution  of  such  fibrous  bodies  as  timber,  make 
us  imagine  that  the  aermbk  -compressions,  including  what 
arises  from  the  bending  up  of  the  compressed  fibres,  is 
much  greater  than  the  real  corpuscular  extensions.  One 
may  get  a  general  conviction  of  this  unexpected  proposi. 
tion  by  reflecting  K)n  what  must  happen  during  the  frac- 
ture. An  undulated  fibre  can  only  be  drawn  straight,  and 
then  the  corpuscular  extension  begins  ;  but  it  may  be 
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bent  up  hj  compression  to  aajr  degree,  the  corpuscular 
compression  being  little  affected  all  the  while.  This  ok* 
serFation  is  rerj  important;  and  though  the  forces  of  cor- 
puscular  repulsion  may  be  almost  insuperable  bj  anj  com^ 
pression  that  we  can  employ,  a  nnsMt  compression  maj 
be  produced  bj  forces  not  enormous,  sufficient  to  cripple 
the  beam.  Of  this  we  shall  see  very  important  instances 
afterwards. 

S95»  It  deserves  to  be  noticed,  that  although  the  rela- 
tive strength  of  a  prismatic  solid  is  extremeljr  different  in 
the  three  hypotheses  now  considered,  yet  the  proportion^ 
strengths  of  different  pieces  follow  the  same  ratio ; 
namely,  the  direct  ratio  of  the  breadth,  the  direct  ratio  of 
the  square  of  the  depth,  and  the  inverse  ratio  of  the  length* 
In  the  first  hypothesis  (of  equal  forces)  the  strength  of  a 

rectangular  beam  was   /     .    ;  in  the  second  (of  attrae- 

tive  forces  proportional  to  the  extensions)  it  was  «7^J 
and  in  the  thud  (equal  attractims  and  repulsions  propor^ 
tional  to  the  extensions  and  compressions)  it  was*^  ^  .■  ,or 

more  generally  ^-^t-^  where  n  expresses  the  unknowil 
ml 

proportion  between  the  attractions  and  repulsions  cornea* 

ponding  to  an  equal  extension  and  compression. 

396.  Hence  we  derive  a  piece  of  useful  informatiottt 
which  is  confirmed  by  unexcepted  eiEperience,  that  the 
strength  of  a  piece  depends  chiefly  on  its  depth,  that  is, 
on  that  dimension  which  is  in  the  direction  of  the  strain. 
A  bar  of  timber  of  one  inch  in  breadth  and  two  inches  in 
depth  is  four  times  as  strong  as  a  bar  of  only  one  inch 
deep,  and  it  is  twice  as  strong  as  a  bar  two  inches  broad 
and  one  deep ;  that  is,  a  jciist  fr  l^v^r  is  always  strongest 
l¥hen  laid  pn  its  edge. 

397.  Tber^  is  therefore  a  ehoiee  in  the  mann^  in  wht^ 
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die  ooheilon  is  opposed  to  the  strain^  The  general  aiin 
must  be  to  put  the  centre  of  effort  I  as  far  from  the  fuU 
crum  or  the  neutral  point  A  as  possible^  so  as  to  give  the 
greatest  energj  or  momentum  to  the  cohesion.  Thus,  if 
a  triangnlar  bar  projecting  from  a  wall  is  loaded  with 
a  weight  at  its  extremity,  it  will  bear  thrice  as  much 
when  one  of  the  sides  is  uppermost  as  when  it  is  under* 
most.  The  bar  of  Fig.  8.  would  be  three  times  as 
strong  if  the  side  AB  were  uppermost  and  the  edge  DC 
undermost 

308.  Hence  it  fellows  that  the  strongest  joist  that  can 
be  cut  out  of  a  round  tree  is  not  the  one  which  has  the 
greatest  quantity  of  timber  in  it,  but  such  that  the  pro* 
duct  of  its  breadth  bj  the  square  of  its  depth  shall  be  the 
greatest  possible.  Let  ABCD  (fig.  5.)  be  the  section  of 
this  joist  inscribed  in  the  circle,  AB  being  the  breadth 
and  AD  the  depth.  Since  it  is  a  rectangular  section,  the 
diagonal  BD  is  a  diameter  of  the  drele,  and  BAD  is  a 
right  angled  triangle.  Let  BD  be  called  a  and  BA  be 
called  X ;  then  AD  is  sr  V  a*— «*.  Now  we  must  have 
AB  X  AD*,  or  Ji  X  a*— - s%  or  a* «-— x*,  a  maximum.  Ita 
fluxion  0*  jc—  3  i* «  must  be  made  ss  o,  or  o*  3=  3  ji:^,  or 

«*  =  — .    If  therefore  we  make  D£  =  I  DB,  and  draw 

EC  perpendicular  to  BD,  it  will  cut  the  circumference  in 
the  point  C,  which  determmes  the  depth  BC  and  the 
breadth  CD. 

Because  BD :  BC  =  CD :  CE,  we  have  the  area  of  the 
section  BC-CD  =3  BDCE.  Therefore  the  different  sec- 
tions having  the  same  diagonal  BD  are  proportional  to 
their  heights  CE.  Therefore  tiie  section  BCDA  is  less 
than  the  section  B  c  D  a,  whose  four  sides  are  equal.  The 
joist  so  shaped,  therefore^  is  both  stronger,  lighter,  and 
cheaper. 

399.  The  strength  ^  A^CD  is  to  that  of  a  B  c  D 
as  10^000  to  91d6^  and  the  weight  and  expence  as 
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ia,000  to  10^607 ;  so  that  ABGD  is  preferal)k  to  dBeD 
in  the  proportion  of  10^607  to  9186,  or  nearly  116  to 
100. 

From  the  same  principles  it  follows  thai  a  hollow  tube 
is  stronger  than  a  solid  rod  containing  the  sanae  quantitj 
of  matter.  Let  Fig.  6.  reprlBsent  the  section  of  a  cylin- 
dric  tube,  of  which  AF  and  BE  are  the  exterior  and  in- 
terior diameters  and  C  the  centred.  Draw  BD  perpen- 
dicular  to  BC,  and  join  DC.  Then,  because  BD*=  CD' 
•—  CB%  BD  is  the  radius  of  a  circle  containing  the  same 
quantity  of  matter  with  the  ring.  If  we  estimate  the 
strength  by  the  first  hypothesisy  it  is  evident  that  the 
strength  of  the  tube  will  be  (o  that  of  the  solid  cylinder, 
whose  radius  is  BD,  as  BD«x  AC  to  BD^ x  BD;  thai  is, 
as  AC  to  BD :  for  BD*  expresses  the  cohesion  of  the 
ring  oi"  the  circle,  and  AC  and  BD  are  equal  to  Um 
distances  of  the  centres*  of  eflfbrt  (the  same  with  the  cen- 
tres of  gravity)  of  the  ring  and  circle  from  the  axis  of 
fracture. 

The  proportion  of  these  strengths  will  be  diiTerent  in 
the  other  hypotheses,  and  is  not  easily  expressed  by  a  ge- 
neral formula ;  but  in  both  it  is  still  more  in  favour  of  the 
ring  or  hollow  tube. 

The  following  very  simple  solution  will  be  readily  un-^^ 
derstood  by  the  intelligent  reader.  Let  O  be  the  centre 
of  oscillation  of  the  exterior  circle,  o  the  centre  of  osciIla» 
tion  of  the  inner  circle,  and  w  the  centre  Of  oscillation  of 
the  ring  included  between  them.  Let  M  be  the  quantity 
of  surface  of  the  exterior  circle,  to  that  of  the  inner  eircle^ 
and  fi'  that  of  the  ring. 

w   u       r?         M-FO  — wFo       6FC»  +  EC«        y 

We  have  F  to  = ■. ,  = — r-- ,  and 

ft  4xL» 

the  strength  of  the  ring  =  "^^^^ ,  and  the  strength  of 

the  samie  quantity  of  mat'tier  iii  the  f<>rm  of  a -solid  cylin- 
der is/^  X  I  BD  ;  so  that  tlie  strength  of  the  ring  is  to 
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that  of  the  solid  rod  of  eq'ufti  weight  as  F  to  to  |  BD,  or 

nearly  as  FC  to  BD.    This  will  easily  appear  bj  recol- 

suin  of  p  .  T^ 
lectingthatFOiss:: —■ — ,  and  that  the  momentum 

^     ,     .      .  /m-FCFa      /wFo  -     ,.     . 
of  cohesion  is  - — ^-^^ =  - — b "^^  ^"^  inner  cir- 

cle,  &c. 

Emerson  has  gi^en  a  very  inaccurate  approximation  to 
this  value  in  his  Mechanics*  4to. 

400.  This  property  of  hoUow  tubes  is  accompanied  also 
with  greater  stiffness ;  and  the  superiority  in  strength  and 
stiffness  is  so  much  the  greater  as  the  surrounding  shell  is 
thinner  in  proportion  to  its  diameter. 

401.  Here  we  see  the  admirable  wisdom  of  the  author 
of  nature  in  forming  the  bones  of  animal  limbs  hollow. 
The  bones  of  the  arms  and  legs  have  to  perform  the  of- 
fice  of  levers,  and  are  thus  opposed  to  very  great  trans* 
verse  strains.  By  this  form  they  become  incomparably 
stronger  and  stifTer,  and  give  more  room  for  the  insertion 
of  muscles,  while  they  are  lighter  and  therefore  nlore 
agile ;  and  the  same  wisdom  has  made  use  of  this  hollow, 
for  other  valuable  purposes  of  the  animal  economy.  In 
like  manner,  the  quills  in  the  wings  of  birds  acquire  by 
their  thinness  the  very  great  strength  which  is  necessary, 
while  they  are  fto  light  as  to  give  sufficient  buoyancy  to 
the  animal  in  the  rare  medium  in  which  it  must  live  and 
fly  about.  The  stalks  of  many  plants,  such  as  all  the 
grasses,  and  many  reeds,  are  in  like  manner  hollow,  and 
thus  possess  an  extraordinary  strength.  Our  best  engi- 
neers now  begin  to  imitate  nature  by  making  mapy  parts  of 
their  machines  hollow,  stich  as  their  axles  of  cast  iron,  8ec.  ; 
and  modern  philosophical  instrument  makers  now  form 
the  axes  and.  framings  of  their  great  astronomical  instru- 
ments in  the  same  manner. 

In  the  supposition  of  homogeneous  texture,  it  is  .plain 
that  the  /racture  happens  as  soon  as  the  particles  at  T)  are 
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sepai^ted  liejond  their  utmost  limit  of  oohesioii.  This  is 
i  determined  quantity,  and  the  piec^  bends  till  this  degree 
of  extension  is  produced  in  the  outermost  fibre.  It  foU 
]ows  that  the  smaller  we  suppose  the  distance  between  A 
and  D,  the  greater  will  be  tne  curyature  which  the  beam 
will  acquire  before  it  breaks.  Greater  depth  therefore 
makes  a  beam  not  onlj  stronger  but  also  stifTer.  But  if 
(he  parallel  fibres  can  slide  on  each  other,  both  the 
strength  and  the  stiffness  will  be  diminished.  Therefore 
if,  instead  of  one  beam  b  A  EC^  we  suppose  two,  DABC 
and  A  A  KB,  not  cohering,  each  of  them  will  bend,  and 
the  extension  of  the  fibres  AB  of  the  under  beam  will  not 
hinder  the  compression  of  the  adjoining  fibres  AB  of  the' 
upper  beam. 

402.  The  two  together  therefore  will  not  be  more 
than  twice  as  strong  as  one  of  them  (supposing  DA 
ss=  A  a)  instead  of  being  four  times  as  strong;  and  thej  wilt 
bend  as  much  as  either  of  them  alone  would  bend  bj  half 
the  loadv  This  maj  be  prevented^  if  it  were  possible  id 
unite  the  two  beams  all  along  the  seam  AB^  so  that  the 
one  shall  not  sKde  on  the  other.  This  maj  be  dofte  iif 
small  works,  by  gluing  them  together  with  a  cement  a9 
strong  as  the  natural  lateral  cohesion  of  the  fibres.  If 
this  cannot  be  done  (as  it  cannot  in  large  works),  the 
sliding  is  prevented  bj  JoooLiif o  the  beara^  together  i  that 
is,  by  cutting  down  serend  rectangular  notehes  in  theuppeT 
side  of  the  lower  beam,  and  making  simitar  notches  in  the 
under  side  of  the  uppar  beam,  and  filling  up  the  square 
spaces  with  pieces  of  verj  hard  wood  firmlj  driven  in^  bs 
represented  in  Fig.  7.  Some  employ  iron  bolts  by  way  of 
joggles.  But  when  the  joggle  is  nucb  harder  than  the 
wood  into  which  k  is  driven^  it  i«  very  apt  to  work  loose, 
by  widening  the  hole  into  which  it  is  lodged.  The  same 
thing  is  sometimes  done  by  scarfing  the  one  upon  the 
other,  as  represented  in  Fig.  8. ;  but  this  wastes 
n^ore  timber,  and  is  not  so  strongs  because  the  mutual 
I 
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Ihtfokf  which  this  method  formi  <m  cflch  beam  are  v«rj  a||^ 
to  tear  each  other  up.  By  one  or  other  of  these  metbod^^ 
or  something  similar,  may  a  compound  beam  be  formed, 
of  anj  4epth,  if^hi^h  will  be  almost  as  stiff  and  strong  aa 
an  entire  piece. 

403.  On  the  oth^  faaikd,  we  maf  copfaine  strength  with 
pliableoess,  bj  eompdsing  oar  beam  of  several  thin  planks 
laid  on  each  oiher,  till  they  make  a  pniper  d^h,  and 
leaFiiig  them  at  full  liberty  io  slide  on  each  other.  It  k 
in  this  manner  that  coach-springs  i^re  formed,  as  is  repre^ 
sented  in  Fig.  9.  In  this  assemblage  there  aiiist  be  nil 
joggles  nor  belts  of  any  kind  put  throipgh  the  planks  or 
plates ;  for  this  would  hinder  their  mutual  sliding*  Thef 
must  be  kqit  together  by  straps  which  surround  them,  or 
by  something  equiralent. 

404.  The  pmseding  observations  shoif  the  pri^iety  qt 
adme  maxims  of  eonstruGtibn,  which  the  artists  hare  de^ 
•rired  from  lof|g  experience. 

Thus,  if  a  inortiee  is  to  be  cut  but  of  a  pieee  which  is 
i^Eposed  to  a  eross  straia,  it  should  be  cut  out  from  that 
side  which  becomes  concave  by  the  straia,  as  in  Fig.  li^* 
but  by  no  means  as  in  Fig.  11. 

Il*a  pieee  is  to  be  strengthened  by  the  addition  of  ano- 
ther, the  added  piece  must  be  joined  to  the  $ide  whwh 
grows  convex  by  the  atraiii,  as  in  Fig.  Itf.  and  13. 

Before  we  go  any  farther,  it  will  be  con^nient  to 
recal  the  reader's  attention  to  the  aflafegf  betwjeen 
the  strain  on  a  beam  projecting  from  a  wall,  and  load- 
ed at  the  extremity^  and  a  beam  supported  at  both 
ends  and  loaded  ill  some  intermediate  point  It  ia 
aufficiefit  ofi  tiiis  occasion  to  read  attentively  what  is 
deliva-ed  i«  b^r  article  on  Eeors.  We,  kara.  there 
that  the  strain  on  the  middk  point  C  Fig,  13.  oC  a 
rectangular  beam  AS,  siippoirted  on  props  at  A  and 
B,  is  the  eame  as  if  the  part  CA  projected  from  a  waH« 
and  were  loaded  with  the  half  eC  the  weigfat.  W  aua- 
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{tended  at  A.    The  momentum  of  the  strain  is  therefore 

i  Wxi  AB,  =Wxi  AB=pi/,  orV-  fhcmomen- 
4um  of  cohesion  must  be  equal  to  this  in  everj  hypo- 
thesis. 

i'  Having  now  considered  in  sulBSicient  detail  the  circum« 
^stances  which  affect  the  strength  of  any  section  of  a  solid 
ihodj  that  is  strained  transversely,  it  is  necessary  to  take 
notice  of  some  of  the  chief  modifications  of  the  strain  itself. 
-We  shall  consider  only  those  that  occur  most  frequently 
(in  our  constructions, 

'  The  strain  depends  on  the  external  force,  and  also  on 
the  lever  by  which  it  acts. 

\    405.  It  is  evidently  of  importance^  that  since  the  strain 

is  exerted  in  any  section  by  means  of  the  cohesion  of  the 

parts  intervening  between  the  section  under  considdration 

«^and  the  point  of  application  of  the  external  force,  the 

body  must  be  able  in  all  these  intervening  parts  to  propa- 

'gate  or  excite  the  strain' in  the  remote  section.     In  every 

-part  it  must  be  able  to  resist  the  strain  excited  in  that 

.part     It  should  therefore  be  equally  strong  ;  and  it  is 

useless  to  have  any  part  stronger,  because  the  piece  will 

-nevertheless  break  where  it  is  not  stronger  throughout ; 

^And  it  is  useless  to  make  it  stronger  (relatively  to  its  strain) 

in  any  part»  for  it  will  nevertheless  equally  fail  in  the 

'part  that  is  too  weak* 

r  Suppose  then,  in  the  first  place,  that  the  strain  arises 
-from  a  weight  suspended  at  one  extremity,  while  the 
>  otiier  end  is  firmly  fixed  in  a  wa|l.     Supposing  also  the 

•  cross  sections  to  be  all  rectangular,  there  are  several  ways 

•  of 'Shaping  the  beam  so  that  it  shall  be  equally  strong 
''throughout.     Thus  it  may  be  equally  deep  in  every  part, 

'  the  upper  and  under  surfaces  being  horizontal  planes. 

i  The  condition  will  be  fulfilled  by  making  all  the  horaon« 

tiaX  sectbns  triangles,  as  in  Fig*  14.     The  two  sides  are 

^  vertical  .planes  meetiiig  in  an  edge  at^  th?.  extremity  L. 

For  the  equation  expressing  the  balance  of  strain  and 
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fftrmglfa  i»y/«/AcI«^    Th^efore  woue  d*.  istheaanie 
.throughqut,  and  alftO|?«  we  nlust  have  fh  =  /,  and  &  (the 
breadth  AD  of  any,  section  ABCD)  mo&t  be  proportional 
lo  /  (or  AL),  which  it  evidently  is. 

Or,  if  the  beam  be  of  uniform  bfeadth^  we  must  have 
d^  everywhere  proportional  to  /.     This  will  be  obtained 
by  making  the  depths  the  ordinates  of  a  common  parabola, 
,  of  which  L  is  the  vertex  and  the  leilgth  is  the  axi|.    The 
upper  or  under  side  may  be  a  straight  line,  as  in  Fig.  \&» 
or  the  middle  line  may  be  straight,  and  then  both  uppec 
and  ufider  surfaces  will  be  curved.    It  is  almost  indi^r- 
'  ent  what  is  the  shape  of  the  upper  and  under  surfaces,  pro- 
vided the  distances  between  them  in  every  part  be  as  the 
.ordinates  of  a  common  parabola. 

Ovi  if  the  sections  are  all  similar,  snch  as  circled,  squiu'ff, 
.or  any  other  similar  polygons,  we.  must  have  d^  or  6'  pro* 
porttQnal  to  /,  and  the^  dq)tbs  or  breadths  must  be  as  the 
ordinates  of  a  cubical  parabola. 

'    406.  It  is.  evident  thai  the^  are  abo  the  proper  forms 

for  A  Wer  moveable  round  a  fulcrum,  and  acted  on  by  a 

.force  at  the  extremity.  •.  The  force  com^s  in  the  place  of 

the  weight  suspended  in  the  cases  alr^y.  considered; 

and  a^  such  levers  always  are  connectesd  with.^notber 

arm,  w^  readily  see  that  both  arms  should  be  fashioned 

in  the  ^^me  manner.  Thus  in  Fig^  14.  the  piece  of  timber 

.  may  be  supposed  a  kind  of  steelyard,  moveable  round  8 

horizontal  axis  OP,  in  the  front  of  the  wall,  and  havipg 

.  the  two  weights  P  and  ^  in  equilibrfo.     The  strain  occa- 

itfioned  by  each  at  the  section  in  which  t.he  axis  OP  is 

placed  must  be  the  same,  and  each  arm  OL  apd  Q  x  mmt 

be  equaUy  strong  in  all  its  partd.     The  longitudi|ial  sec^ 

'tions  of  each  arm  must  be  a  triangle,  a  common  par^ola» 

.  or  a  cubic  parabola^  according  to  the  conditions  pre.vioHsly 

tgiren.  .  *  : 

:     And)  moreover,,  all  these  forms  ar6  equally  strong :  For 

-:W/ one. «!f.  them  is  equally  strong,  iq. all. its  parlB^^und^ 
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<b^  we  «n  sapposed  to  haTe  the  nnme  section  nt  the 
Crddt  lif  the  wiJl  or  $i  the  fiilenim«  thej  are  not,  how- 
ever^ e^ally  stiff.  The  first,  represented  in  Fig.  14 
will  bend  least  upon  the  whole,  and  the  one  formed  bjr 
'die  cubic  parabola  will  bend  most.  But  their  curvature 
at  the  very  fukrum  will  be  the  same  in  all. 

It  is  also  plain,  that  if  the  kver  is  of  the  second  or 
third  Irind,  that^  is,  having  the  fulcrum  at  one  extremity, 
•it  must  sttH  be  of  the  same  shape ;  for  in  abstract  media* 
4tdes  it  IS  indiflbrent  which  of  the  three  points  is  consi- 
dered as  the  axis  of  motion.  In  every  lever  the  two 
'&rces  at  tive  extremities  act  in  one  direction,  and  the 
-fdree  in  the  middle  acts  in  the  opposite  direction,  and 
the  great  strain  is  always  at  that  point.  Therefore  a  lever, 
^WfA  at  Fig.  14.  moveaUe  round  an  asds  passing  faori- 
KOtitdly  fihrottgh  jl,  and  acting  againrt;  an  obstade  at  OP, 
-ia  etptldy  dble  in  all  its  parts  to  resist  the  strains  excited 
in  those  parts. 

Thift  same  principles  uid  the  8am«  constraetien  will  ap* 
fdy  to  beams,  such  as  joists,  supported  at  the  ends  L  mi 
n  Fig.  14«,  and  loaded  at  some  intermediate  part  OP* 
.  Hds  will  appear  evident  by  merely  ivrerting  the  diree- 
>tioM  of  the  fegpoes  at  these  thn^e  points,  or  by  refenring 
to  our  article  -on  Reors. 

407.  Hitherto  we  have  supposed  the  external  strain* 
4ng  force  as  acting  only  in  one  point  of  the  beam.    But 

k  may  be  uniformly  distributed  M  over  the  beam.  To 
make  a  beam  kk  such  circumstances  equcffly  strong  in  aU 
its  parts,  the  shape  must  be  omisiderably  ififferent  from 
the  former. 

408.  Thus  suppose  the  beam  to  prefect  from  a  wall. 
K  ft  be  of  ^qual  fareadth  thronghont,  its  sides  being 

vertical  planes,  parallel  to  each  other  and  to  the  length, 
the  vertical  section  in  the  direction  of  its  length  must  be 
a  triangle  instead  of  a  common  parabola ;  for  the  weight 
^nifiovady  4istrib«le4  o^er  th^  J^  lying  beyond  any  j«0- 
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tioQ,  18  as  the  length  beyond  that  aection :  wd  smce  it 
may  all  be  conceived  as  collected  at  its  centre  of  gravityt 
which  b  the  middle  of  that  length,  the  lever  by  which 
this  load  acts  or  strains  the  section  is  abo  proportional  to 
the  same  length.  The  strain  on  the  section  (or  momen- 
tum of  the  load)  is  as  the  square  of  that  length.  The 
section  must  have  strength  in  the  same  proportion*  Itf 
strength  being  as  the  breadth  and  the  square  of  the  depth^^ 
and  the  breadth  being  constant,  the  square  of  the  depth 
of  any  section  must  be  as  the  square  of  its  distance 
from  the  end,  and  the  depth  must  be  as  that  distance ; 
and  therefore  the  longitudinal  vertical  section  must  be  a 
triangle. 

But  if  all  the  transverse  sections  are  circles,  squares,  or 
^y  other  similar  figures,  the  strength  of  every  section,  oi^ 
the  cube  of  the  diameter,  must  be  as  the  square  of  the 
lengths  beyond  that  section,  or  the  square  of  its  distanof 
from  the  end ;  and  the  sides  of  the  beam  must  be  a  semi* 
cubical  parabola. 

If  the  upper  and  under  surfaces  are  horinntal  planes,  if 
is  evident  that  the  breadth  must  be  as  the  square  of  the 
distance  from  the  e$ti,  and  the  horismn(al  sections  may  hp 
fi)nned  by  arches  of  the  common  parabola,  having  the 
length  for  their  tangent  at  the  vertex. 

By  recurring  to  the  analogy  so  often  quoted  between  a 
projecting  beam  and  a  joist,  we  may  determii^e  Jthe  proper 
form  of  joists  which  are  uniformly  loaded  through  ihpif 
whole  length. 

409.  This  is  a  frequent  and  important  case,  being  tlm 
•See  of  jinsts,  raftersj  kc*  and  there  are  spme  oirpw^ 
stances  which  must  be  particularly  noticed,  beeauee  they 
are  not  so  obvious,  asid  have  been  misunderstood.  Wbep 
a  beam  AB  Fig.  16.  is  supported  ai  the  e^s,  aii4  a 
wetg^  la  laid  on  any  point  P^  a  strain  is  excited  in  everj 
part  of  the  beam.  The  load  on  P  causes  the  b^a^  tfi 
preM  on  A  and  B>  and  the  pi:opi  i^apt  with  ^roas  vqual 
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and  opposite  to  these  pressures.  The  load  at  P  is  to  the 
pressures  at  A  and  B  as  AB  to  PB  and  PA,  and  the  pres*' 
sures  at  A  is  to  that  at  B  as  PB  to  PA ;-  the  beam  t^ere-' 
fore  is  in  the  same  state,  with  respect  to  strain  in  every 
.  part  of  it^  as  if  it  were  resting  on  a  prop  at  P,  and  were 
loaded  at  the  ends  with  weights  equal  to  the  two  pressures* 
on  the  props ;  and  observe,  these  pressures  are  such  as 
will  balance  each  other,  being  inversely  as  their  distances 
from  P.     Let  P  represent  the  weight  or  load  at  P.     The? 

PA 

pressure  on  (he  prop  P  must  be  P  ^  tt-jt.    This  is  there* 

fore  the  reaction  of  the  prop  B,  and  is  the  weight  which 
we  may  suppose  suspended  at  B,  when  we  conceive  the 
beam  resting  on  a  prop  at  P,  and  carrying  the  balancing 
weights  at  A  and  B.  .^ 

The  strain  occasioned  at  any  other  point  C,  by  the  load 
P  at  P,  is  the  same  with  the  strain  at  C,  by  the  weight 

PA 

P  X  -^^  hanging  at  B,  when  the  beam  rests  on  P,  in  th^ 

manner  now  supposed  ;  and  it  is  the  same  if  the  beam,  in- 
stead of  being  balanced  on  a  prop  at  P,  had  its  part  AP 
fixed  in  a  wall.     This  is  evident.     Now  we  have  shewn 

PA 

at  length  that  the  strain  at  C,  by  the  weight  P  x  -^-g- 

PA 

lianging  at  B,  is  P  x  -r^  x  BC.    We  desire  it  to  be  par- 

ticularly  remarked  that  the  pressure  at  A  has  no  inj9u- 
ence  on  the  strain  at  C,  arising  from  the  action  of  any 
load  between  A  and  C ;  for  it  is  indifferent  how  the 
part  AP  of  the  projecting  beam  PB  is  supported.  The 
weight  at  A  just  performs  the  same  office  with  the  wall 
in  which  we  suppose  the  beam  to  be  fixed.  We  are  thus 
particular,  because  we  bave  seen  even  persons  not  unac- 
customed to  discussions  of  this  kind  puzzled  in  their  con- 
ceptions of  this  strain. 
Now  1^  the  load  P  be  laid  on  some  point  p  between  C 
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and  P.  The  same  reasoning  shows  us  that  the  point  ia 
(with  respect  to  strain)  in  the  same  state  as  if  the  beam 
were  fixed  in  a  wall,  embracing  the  part  j>  B,  and  a  weight 

=  P  X  ^^  were  hung  on  at  A,  and  the  strain  at  C  is 
Px4|xAC. 

All 

410.  In  general,  therefore,  the  strain  on  anj  point  C} 
arising  from  a  load  P  laid  on  Another  point  P,  is  propor- 
tional to  the  rectangle  of  the  distances  of  P  and  Q 

PA  X  CB 
from  the  ends  nearest  to  each.     It  is  P  x  — r-g — »    or 

o  B  X  CA 
P  X  ^-~Tn — 9  according  as  the  load  lies  between  C  and 

A  or  between  C  and  B. 

Cor.  1.  The  strains  which  a  load  on  anj  point  P  occa- 
sions on  the  points  C,  c,  lying  on  the  same  side  of  P,  are 
as  the  distances  of  these  points  from  the  end  B.  In  like 
manner  the  strains  on  E  and  e  are  as  E  A  and  e  A. 

Cor.  2.  The  strain  which  a  load  occasions  in  the  part  qh 
which  it  rests  is  as  the  rectangle  of  the  parts  op  each  side. 
Thus  the  strain  occasioned  at  C  by  a  load  is  to  that  at  D 
by  the  same  bad  as  AC  x  CB  to  AD  x  PB.  It  is  there- 
fore greatest  in  the  middle. 

411.  Let  us  now  consider  the  strain  on  ftny  point  C 
arising  from  a  load  uniformly  distributed  along  the  beam^ 
Let  AP  be  represented  by  jt,  and  Fphj  Xy  and  the  Whol^ 
weight  on  the  beam  by  a.     Then 

The  neigbt  on  Tp  is     .    .    .    : 


AB' 

X  X 

Pressureon  B  by  the  weight  on  Pji  =  a  -^^  x  -xif 

^'. ■  - :  -  ="^1^ 

iAC*  AC* 

Pres.  on  B  by  the  whole  wt.  on  AC  =  «  ^TrT  =^  ^  2"aB» 
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_      AC  X  BC 
SAB'' 
BC'xAC 


Strain  at  C  by  th6  weight  on  AC  ss  a     ^    -^ 
^  ^   .  8  AB* 


Strain  at  C  hj  tbt  weight  on  BC  =  a 


2AH« 

JDo.  by  the  whole  weight  on  AB  =  a 5Tni 

ACxBCxAC  +  CB    _    ACxBC 
=^  ^  2lBS  '  -  •    2AB    • 

l^hus  we  see  that  the  strain  is  proportional  to  the  rec- 
tangle of  the  piarts,  in  the  same  manner  as  If  the  load  if 
had  been  laid  directly  on  the  point  C,  and  is  indeed  equal 
to  one  half  of  the  strain  which  would  be  produced  at  C  by 
the  load  a  laid  on  there. 

412.  It  was  necessary  to  be  thus  particular,  because  we 
see  in  some  elementary  treatises  of  mechanics,  publishecl 
by  authors  of  reputation,  mistakes  which  are  very  plau- 
sible, and  mislead  the  learner^  It  is  there  said,  that  the 
pressure  at  B  from  a  weight  uniformly  diflTused  along  AB 
is  the  same  as  if  it  were  collected  at  its  centre  of  gravity, 
which  Would  be  the  middle  of  AB  \  and  then  the  strain 
f\  C  is  said  to  be  this  pressure  at  B  multiplied  by  BC. 
But  surely  it  is  not  difficult  to  see  the  difference  of  these 
strains.  It  is  plain  that  the  pressure  of  gravity  down- 
wards on  any  point  between  the  end  A  and  the  point  C 
has  no  tendency  to  diminish  the  strain  at  C,  arising  from 
the  upward  reaction  of  the  prop  B ;  whereas  the  pressure 
of  gravity  between  C  and  B  is  almost  in  direct  opposition 
to  it,  and  must  diminish  it.  We  may  however  avoid  the 
fluxionary  calculus  with  «afety  by  the  consideratio&  aF 
the  centre  of  gravity,  by  supposing  the  weights  of  AC 
and  BC  to  be  collected  at  tlwir  respective  centres  of  gra- 
vity ;  and  the  result  of  this  computation  will  be  the  same 
as  above;  and  we  may  use  either  method,  although  the 
weight  is  not  uniformly  distributed,  provided  only  that 
^e  know  in  what  manner  it  is  distributed. 
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^  Tbis  tftirertigation  is  dridentl j  of  importanice  in  the  prac* 
4ice  of  the  engineer  and  architect,  informing  them  what 
auppokt  is  Mcessirj  in  the  diffteent  parts  of  their  .con- 
atractidns.  We  shall  touchier  some  cases  of  thia  kind  ia 
the  article  Koois^ 

413.  It  is  now  easy  to  form  a  joisti  bo  that  it  shall  havQ 
the  same  rektif  e  strength  in  all  its  parts. 

f  I.  To  auike  it  equally  able  in  all  i|s  parts  to  caity  a 
given  weight  liud  on  any  point  C  taken  at  random,  or  itnir 
formly  diffused  over  the  whc^ie  length,  the  strength  of  tha 
section  at  the  point  C  must  be  aa  AC  x  CB.    Therefore, 

1.  If  the  sides  are  parallel  vertical  planes,  the  square  of 
the  depth  (which  is  the  only  variable  dimension)  or  CD*» 
must  be  as  AC  X  CB,  and  the  depths  mast  be  ordinales  of 
aa  ellipse. 

2.  If  the  t|Bnsver«e  sections  are  similar^  we  must  make 
CD'  as  AC  X  CB. 

3.  If  the  upper  and  ander  surfaces  are  parallel,  the 
breadth  must  be  as  AC  x  CB. 

II.  If  the  beam  is  necessarily  loaded  at  some  given 
point  C,  and  ire  would  have  the  beakn  equally  able  ia  all 
its  parts  to  resist  the  strain  arising  from  the  weight  at  C^ 
we  must  make  the  strength  of  every  transverse  sectiott 
between  C  and  either  end  as  its  distance  from  that  en4 
Therefttt>e^ 

1.  If  the  sides  are  parallel  vertical  planes,  we  mual 
make  CD«  :  EF«  ±i  AC  :  AK  ; 

2.  If  the  fiiections  are  similar^  then  CD'  :  EF'  st  AC :  AE. 
S.  If  the  upt^er  and  under  surfaces  are  parallel,  thei^ 

breadth  at  C  :  breadth  at  £  :±:  AC  :  AE. 

414.  The  same  principles  enaide  us  to  determine  the 
atrain  and  strength  of  square  Or  circutar  plates,  of  difK^ 
rent  extent,  but  equal  thickness*  This  may  be  con^r^ 
kended  in  this  general  proposition. 

Similar  plates  of  equal  thickness  supported  all  round 
^itt  eacry  (he  Ame  absolute  weight,  unifbfinly  diAtri- 
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butedy  or  resting  on  similar  pointB,  whateyer  is  their  ix^ 
tent.  - 

Suppose  two  similar  oblong  plates  of  equal  thickness, 
and  let  then*  lengths  and  breadths  be  L)  I;  and  B,  b.  Let 
their  strength  or  momentum  of  cohesion'  be  C,  c,  and  the 
strains  from  the  weights  W,  to,  be  S,  «. 

Suppose  the  plates  supported  at  the  ends  only,  and  re^ 
sisting  fracture'  transTersely.  The  strains,  being  as  the 
weights  and  lengths,  are  as  WL  and  w  /,  but  their  cohe^ 
si<m  are  as  the  breadths ;  and  since  they  are  of  equal  re-» 
lative  strength,  we  have  WL  :  w  /=  B :  6,  and  WL  b  =i 
w  IB  and  L :  /  =  u^  B :  W  ft :  but  since  they  are  of  simi- 
lar shapes  L :  /  =  B :  i,  and  therefore  tr  =  W. 

The  same  reasoning  holds  again  when  they  are  also 
supported  along  the  sides,  and  therefore  holds  when  they 
are^uppforted  all  round  (in  which  case  the  strength  is 
doubled). 

And  if  the  plates  are  of  any  other  figure,  such  as  circles 
or  ellipses,  we  need  only  conceive  similar  rectangles  in^ 
scribed  in  them.  These  are  supported  all  round  by  the 
continuity  of  the  plates,  and  therefore  will  sustain  equal 
weights ;  and  the  same  may  be  said  of  the  segments  which 
lie  without  them,  because  the  strengths  of  any  similar  seg- 
ments are  equal,  their  lengths  being  as  their  breadths. 

Therefore  the  thickness  of  the  bottoms  of  vessels  hold- 
ing heavy  liquors  or  grains  should  be  as  their  diameters, 
and  as  the  square  root  of  their  depths  jointly.  ^ 

Also  the  weight  which  a  square  plate  will  bear  is  to 
that  which  a  bar  of  the  same  matter  and  thickness  will 
bear  as  twice  the  length  of  the  bar  to  its  breadth. 
'  .  415.  There  is  yet  another  modification  of  the  strain 
which  tends  to  break  a  body  transversely,  which  is  of  very 
frequent  occurrence,  and  in  some  cases  must  be  very  care- 
fully attended  to,  viz.  the  strain  arising  from  its  own 
img^t. 

"^en  a  beam  projects  from  a  watt,  every  section  is 
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struned  bj  tbe  weight  of  all  that  projects  beyoAd  it.  This 
may  be  considered  as  all  collected  at  its  centre'  of  gravity. 
Therefore  the  strain  on  any  section  is  in  the  joint  ratio 
of  the  weight  of  what  projects.beyond  it,  and  the  distance, 
of  its  centre  of  gravity  from  the  section. 

416.  The  determination  of  this  strain,  and  of  .  th& 
strength  necessary  for  withstanding  it,  must  be  more  com- 
plicated than  the  former,  because  the  form  of  the  piece 
which  results  from  this  adjustment  of  strain  and  strength 
influences  the  strain.  The  general  principle  must  eviit 
dently  be,  that  the  strength  or  momentum  of  cohesionr  of 
every  section  must  be  as  the  product  of  the  weight  be- 
yond it,  multiplied  by  the  distance  of  its  centre  of  gravity* 
For  example : 

Suppose  the  beam  DLA  Fig.  17.  to  project  from  the 
wall,  and  that  its  sides  are  parallel  vertical  planes,  so  that 
the  depth  is  the  only  variable  dimension^  Let  LB  =  x 
and  B  b  =y  The  element  B  6  c  C  is  =^x.  Let  G be 
the  centre  of  gravity  of  the  part  lying  without  B  6,  and  g 
be  its  distance  from  the  extremity  L.  Then  x  — g-  is  the 
arm  of  the  lever  by  which  the  strain  is  elicited  in  the 
section  B  b.    Let  B  &  or  ^  be  qs  some  power  m  of  LB ; 

that  is,  let  v  =  ««.     Then  the  contents  of  L  B  &  is  — --• 

The  momentum  of  gravity  round  a  horizontal  axis  at  L 
lay XX  sz  x^^'^x^  and  the  whole  momentum  round,  the 

axis  is The  distance  of  the  centre  of  gravity  from 

.  wt+2 

L  is  had  by  dividing  this  momentum  by  the  whole  weighty 

wliich  is -.     The  quotient  or  g  is -~     And  the 

distance  of  the  centre  of  grav4ty  from  the  section  B  b 
i„_^tl,=?^<*^r:^^,  =  ^.     Therefore 

|lje  strain  on  the  section  B  b  is  had  by  multiplying  -r-j 
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By  — -.    The  product  is — This  must  be  as 

»i+2  '^  m+2xm+l 

the  square  of  the  depths  or  as  ^^.  But  ^  is  as  x*»,  and  y  * 
as  x^^.  Therefore  we  have  m4-2=2fR,  and  m=2;  that 
is,  the  depth  must  be  as  the  square  of  the  distance  from 
the  extremity,  and  the  curve  L  6  A  is  a  parabola  touch- 
ing the  horizontal  line  in  L. ' 

417.  It  is  easy  to  see  that  a  conoid  formed  by  the  ro- 
tation of  this  figure  round  DL  wilL  also  be  equally  able 
in  every  section  to'  bear  its  own  weight 

We  need  not  prosecute  this  farther.  When  the  figure 
of  the  piece  is  given,  there  is  no  difficulty  in  finding  the 
strain ;  and  the  circumstance  of  equal  strength  to  resist 
this  strain  is  chiefly  a  matter  of  curiosity. 

418.  It  is  evident,  from  what  has  been  already  said, 
that  a  projecting  beam  becomes  less  able  to  bear  its  own 
weight,  as  it  projects  farther.  Whatever  may  be  the 
Strength  of  the  section  DA,  the  length  may  be  such  that 
it  will  break  by  its  own  weight.  If  we  suppose  two  beams 
A  and  B  of  the  same  substance  and  similar  shapes,  that 
is,  having  their  lengths  and  diameters  in  the  same  pro« 
portion ;  and  farther  suppose  that  the  shorter  can  just 
bear  its  own  weighi ;  then  the  longer  beam  will  not  b? 
able  to  do  the  same :  For  the  strengths  of  the  sections  are 
as  the  cubes  of  the  diameters,  while  the  strains  are  as  the 
biquadrates  of  the  diameters ;  because  the  weights  are  as 
the  cubes,  and  the  levers  by  which  these  weights  act  m 
producing  the  strain  .are  as  the  lengths  or  as  the  diame- 
ters. 

419.  These  considerations  show  us^  that  in  all  cases 
where  the  strain  is  affected  by  the  weight  of  the  parts  of 
the  machine  er  structure  of  any  kind,  the  smaller  bodies 
are  more  able  to  withstand  it  than  the  greater ;  and  there 
seems  to  be  bounds  set  by  nature  to  the  sise  of  machines 
constructed  of  any  given  ^materials.  £ven  when  the 
'weight  of  the  parts  of  the  machine  is  not  taken  into  th^ 
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aceount,  we  cannot  enlarge  them  in  the  aame-proportimi 
in  all  their  parta.  Thus  a  steam-engine  cannot  be  doubled 
in  all  its  (Murts,  so  as  to  be  still  efSci^t.  The  pressure 
on  the  piston  is  quadrupled.  If  the  lift  of  the  pump  be 
also  doubled  in  height  ivhile  it  is  doubled  in  diameter, 
the  load  will  be  increased  eight  times,  and  will  therefore 
exceed  the  power.  The  depth  of  lift,  therefore,  must 
remain  unchanged ;  and  in  this  case  the  machine  will  be 
of  the  same  relative  strength  as  before,  independent  of  its 
own  weight.  For  the  beam  being  doubled  in  all  its 
dimensions,  its  momentum  of  cohesion  is  eight  tiines 
greater,  which  is  again  a  balance  for  a  quadruple  load 
acting  bj  a  double  lever.— But  if  we  now  consider  the 
increase  of  the  weight  of  the  machine  itself,  which  must 
be  supported,  and  which  must  be  put  in  motion  by  the 
intervention  of  its  cohesion,  we  see  that  the  large  machine 
is  weaker  and  less  eflScient  than  the  small  one. 

There  is  a  similar  limit  set  \by  nature  to  the  size  of 
plants  and  animals  formed  of  the  same  matter.  The  co- 
hesion of  an  herb  could  not  support  it  if  it  were  increased 
to  the  size  of  a  tree,  nor  could  an  oak  support  itself  if  40 
or  60  times  bigger,  nor  could  an  animal  of  the  make  of  a 
long-legged  spider  be  increased  to  the  size  of  a  man ;  the 
articulations  of  its  legs  could  not  support  it 

420.  Hence  may  be  understood  the  prodigious  superi- 
ority of  the  small  animals  both  in  strength  and  agility. 
A  mtm  by  falling  twice  his  own  height  may  break  his 
firmest  bones.  A  mouse  may  fall  20  times  its  height 
without  Tisk ;  and  even  the  tender  mite  or  wood-louse 
may  fiall  unhurt  from  the  top  of  a  steeple.  But  their 
greatest  superiority  19  in  respect  of  nimbleness  and  agi« 
lity.  A  flea  can  leap  above  500  times  its  own  length, 
while  the  strength  of  the  human  muscles  could  not  raise 
the  trunk  from  the  ground  on  limbs  of  the  same  construe-^ 
lion. 

The  angular  motions  of  small  anim9b  (in  which  con^ 
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rsists  their  nimbleness  or  agility)  must  be  greater  tinui 
those  of  large  animals,  supposing  the  force  of  the  muscu- 
ilar  fibre  to  be  the  same  in  both.  For  supposing  them 
similar,  the  number  of  equal  fibres  will  be  as  the  square 
.of  their  linear  dimensions ;  and  the  levers  bj  which  they 
act  are  as.  their  linear  dimensions.  The  energy  therefore 
of  the  moving  force  is  as  the  cube  of  these  dimensions. 

But  the  momentum  of  inertia,  or  fp  r',  is  as  the  4th 

power:  Therefore  the  angular  velocity  of  the  greater 
animals  is  smaller.  The  number  of  strokes  which  a  fly 
makes  with  its  wings  in  a  second  is  astonishingly  great ; 
yet,  being  voluntary,  they  are  the  effects  of  its  agility. 

We  have  hitherto  confined  our  attention  to  the  sim- 
plest form  in  which  this  transverse  strain  can  be  produ- 
ced. This  was  quite  sufficient  for  showing  us  the  mecha- 
nism of  nature  by  which  the  strain  is  resisted ;  and  a  very 
slight  attention  is  sufficient  for  enabling  us  to  reduce  to 
this  every  other  way  in  which  the  strain  can  be  pro- 
duced. We  shall  not  take  up  the  reader^s  time  with 
the  application  of  the  same  principles  to  other  cases  of 
this  strain,  but  refer  him  to  the  article  Roofs.  In 
that  article  we  have  shown  the  analogy  between  the 
strain  on  the  section  of  a  beam  projecting  from  a  wall  and 
loaded  at  the  extremity,  and  the  strain  on  the  same  sec- 
tion of  a  beam  simply  resting  on  supports  at  the  ends, 

'  and  loaded  at  some  intermediate  point  or  points^  The 
strain  on  the  middle  C  of  a  beam  AB  Fig.  18.  so  sup- 
ported,  arising  from  a  weight  laid  on  there,  is  thjB  same 

.Vith  the  strain  which  half  that  weight  hanging  at  B 
would'^produce  on  the  same  section  C  if  the  other  end  of 
the  beam  were  fixed  in  a  wall.  If  therefore  1000  pounds 
hung  on  the  end  of  a  beam  projecting  10  feet  from  a  wall 

'will  just  break  it  at  the  wall,  it  will  require  4000  pounds 
on  its  middle  to  break  the  same  beam  resting  on  two  props 
10  feet  asunder.     We  have  also  shown  in  that  mljoie  the 
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additional  strength  which  will  be  given  to  this  beam  hy 
extending  both  ends  beyond  the  props,  and  there  framing 
it  firmly  into  other  pillars  or  supports. 

421.  We  can  hardly  add  any  thing  to  what  has  been 
said  in  that  article,  except  a  few  observations  on  the  ef- 
fects, of  the  obliquity  of  the  external  force.    We  have 
hitherto  supposed  it  to  act  in  the  direction  BP  Fig.  4. 
.perpendicular  to  the  length  of  the  beam.     Suppose  it  to 
act  in  the  direction  BB',  oblique  to  BA.     In  the  article 
Roof  we  suj^sed  the  strain  to  be  the  same  as  if  the  force 
p  acted  at  the  distance  AB',  but  still  perpendicular  to 
AB :  so  it  is;     But  the  strength  of  the  section  A  A  is  not 
the  same  in  both  cases ;  for  by  the  obliquity  of  the  action 
the  piece  DCKa.  is  pressed  to  the  other.     We  are  not 
sufficiently  acquainted  with  the  corpuscular  forces  to  say 
^precisely  what  will  be  the  effect  of  the  pressure  arising 
from  this  obliquity;  but  we  can  clearly  see,  in  general, 
.that  the  poitit  A,  which  in  the  instant  of  fracture  is  nei- 
ther stretched  nor  compressed,  must  now  be  fartheir  up, 
or  nearer  to  D ;  and  therefore  the  number  of  particles 
which  are  exerting  cohesive  forces  is  smaller,  and  there- 
.fore  the  strength  is   diminished.    .Therefore,  when  we 
endeavour  to  proportion  the  strength  of  a  beam  to  the 
;  strain  arising  from  an  external  force  acting  obliquely,  we 
make  too  liberal  allowance  by  increasing  this  external 
force  in  the  ratio  of  AB  to  AB'.    We  acknowledge  our 
inability  to  assign  the  proper  correction.    But  this  cir- 
cumstance is  of  very  great  influence.     In  many  machines, 
;  and  many  framings  of  carpentry,  this  oblique  action  of 
the  straining  force  is  unavoidable ;  and  the  most  enor* 
^  mous  strains  to  which  materials  are  exposed  are  generally 
of  this  kind.     In  the  frames  set  up  for  carrying  the  ring- 
stones  of  aixhes,  it  is  hardly  possible  to  avoid  them :  for 
.  altliough  the  judicious  engineer  disposes  his  beams  so  as 
,  to  sustain  only  pressures  in  the  direction  of  their  lengths, 
,  tending  either  to  crush  them  or  to  te^r  thei;a  asunder^  it 
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frequently  liappeiw  th«i»  by  tbe  iettling  bf  the  viMk^ 
(he  pieces  eotne  to  check  and  bear  on  eaeh  dtber  tnuuN 
▼ersely,  tending  to  bi«ak  each  other  across.  This  we 
bave  ivmarked  upon  in  the  article  RaoM,  with  respect 
to  a  truss  by  Mr  Price.  Now  when  a  eross  strain  is 
thus  combined  with  an  enormous  pressure  in  the  direc- 
tion of  the  length  of  the  beam»  it  is  in  the  utmost 
tdanger  of  snapjnng  suddenly  across.  This  is  one  great 
cause  of  the  carrying  away  of  masts.  They  are  couIf- 
pressed  in  the  direction  of  their  length  by  the  united 
force  of  the  shrouds^  and  in  this  state  the  transrerse  ai(« 
tion  of  the  wind  soon  oompletfis  the  fmcture. 

482.  .When  considering  the  compressing  strains  to 
which  materials  are  exposed,  we  deferred  tbe  dtscustion 
of  the  stram  on  columns,  observing  that  it  was  not,  in 
the  cases  which  usually  occur,  a  simple  oompression,  but 
was  combined  widi  a  transverse  strain,  prising  from  the 
bending  of  the  column.  When  the  column  ACB  Fig.  19. 
resting  on  the  ground  at  B,  imd  loaded  at  top  with « 
\.  .  weight  A,  acting  in  the  vertical  direction  AB,  is  bent 
into  a  curve  ACB,  so  that  the  tangent  at  C  is  perpendi- 
cular to  the  horiaon,  its  condition  sotneirhat  resembles 
that  of  a  beam  firmly  fixed  between  B  and  C,  and  strong- 
ly  pulled  by  the  end  A,  so  as  to  bend  it  between  C  and 
A.  Although  we  cannot  conceive  how  a  force  aeting  on 
a  straight  column  AB  in  the  direction  AB  can  bend  it, 
we  nuiy  suppose  that  the  for^  acted  first  in  the  horison- 
tal  direction  A  i,  till  it  was  bent  to  this  degree,  and  that 
the  rope  was  then  gradually  removed  from  the  direction 
A  6  to  the  iUrection  AB,  ino^aslng  the  force  as  much 
as  is  necessary  for  preserving  the  same  quantity  of 
flexure. 

489.  The  first  author  (we  believe)  who  considered  thb 
important  subject  with  scrupulous  attention  was  the  ce- 
lebrated Euler,  who  pubti^ed,  in  the  Berlin  Memoirs 
for  1767^  his  Theory  of  the  Strength  of  Coiumns.    The 
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gbrenl  propoiitioft  «stabliib6d  bj  Uiit  theorjr  b^  dmt  ikt 
sircfigtb  of  prifttnatieai  cdinniM  is  in  the  direct  i|iiailf«* 
ifiliairte  ratio  of  tfa«r  diameters^  and  thi^  iihrcne  duplicate 
ratio  0^  tbeir  fengUit.  He  prosecuted  ibis  tubject  in  tba 
^tersburgtl  ComBieatariei  far  1778»  confirmiAg  his  for» 
liier  theory.  We  do  not  fiad  that  an;-  other  aathor  baa 
bellowed  tnujcb  attention  on  it^  all  seemmg  to  acquiesce' 
in  (he  determinations  of  £uler,  and  to  coniMer  the  sub* 
jttt  aa  of  very  great  difficulty,  requiring  tie  applkatioa 
4if  the  ihoit  n^ed  nMBUbematacs.  Muscfaenbroek  baa 
tMnpared  the  theory  with  experiment;  but  the  compa* 
rison  b$s  been  very  unaatiafactory,  the  difTereoce  firom 
iXi/6  theory  being  bo  enormous  as  to  uW&td  no  argtmsent 
for  its  justmeas.  Bat  the  experiments  do  not  contradict 
it,  for  they  are  ao  anomalous  as  to  afford  too  conclusiott 
tar  general  mie  whatever. 

1*0  say  the  truth,  the  theory  can  be  coaaidered  in  no 
«ther  light  than  as  a  specimen  of  ingeniotfs  and  very  art- 
All  algebraic  analysis.  Euler  was  unquestionably  the  first 
lanalyBt  in  Europe  (br  resouree  and  address.  He  knew 
this,  and  enjoyed  his  superiority,  and  without  scruple 
udmitted  any  physical  assumptions  which  gave  him  an 
opportunity  of  displaying  his  skill,  the  inconsistency 
of  his  assumptions  with  the  known  laws  of  mechanism 
gave  him  no  concern  ;  and  when  bis  atgebraic  processes 
led  hitn  ti»  any  condusion  which  would  make  his  readers 
alwre,  being  contrary  to  aH  our  usual  notions,  be  frankly 
owned  the  puradolL,  but  went  on  in  his  analysis,  saying, 
^<  JSei  amfyn  asogts  fidoHAwmT  Mr  Robins  has  given 
aoaae  very  risible  instances  of  this  confidence  in  his  ana* 
lysiiK.  Nay,  so  food  was  he  of  thia  kind  of  amusement, 
Uiat,  after  having  published  an  untenable  Theory  of  Light 
and  Colours,  he  published  several  memoirs,  explaining 
the  aberration  of  the  heavenly  bodies,  and  dadocing  some 
very  wonder&l  consequences,  fully  confiruBd  by  expe* 
rience,  f«om  the  Mewtonian  principles,  whkh  were  c^ppo^* 

VOL,  I.  So 
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vite  and  totally  inconsistent  with  hu  own  theory,  mereljr 
because  the  Newtonian  theory  gave  him  *<  occasionem  ano' 
fyseoi  pr&nwvenda.'^  We  are  thus  severe  in  our  obserra- 
iiobs,  because  his  theory  of  the  strength  of  Golumns  i» 
one  of  the  strongest  instances  of  this  wanton  kind  of 
proceeding,  and  because  his  followers  in  the  Academy  of 
6t  Petersborgh,  such  as  Mr  Fuss,  Lexell,  and  others, 
adopt  his  conclusions,  and  merely  echo  his  words.  Wc 
are  not  a  little  surprised  to  see  Mr  Emors(Hi,  a  consider* 
able  mathcmiatician,  and  a  man  of  rery  independent 
spirit,  hastily  adopting  the  same  theory,  of  which  we 
doubt  not  but  our  readers  will  easily  s^  the  falsity. 

Euler  considers  the  column  ACB  Fig.  19.  as  in  acondi- 
iion  precisely  similar  to  that  of  an  elastic  rod  bent  into  the 
curve  by  a  cord  AB  connecting  its  extremities.  In  this  be 
is  not  mistaken.  But  he  then  draws  CD  perpendicular  to 
AB^  and  considers  the  strain  on  the  section  C  as  equal  to 
the  momentum  or  mechanical  energy  of  the  weight  A 
acting  in  the  direction  DB  upon  the  lever  »  c  D,  move- 
able round  the  fulcrum  c,  and  tending  to  tear  asunder  the 
fiarticles  which  cohere  along  the  section  cC».  This  is 
the  same  principle  (as  Euler  admits)  employed  by  James 
Bernoulli  in  his  investigation  of  the  elastic  curve  ACB. 
Euler  considers  the  strain  on  the  section  c  »  as  the  same 
miih  what  it  would  sustain  if  the  same  power  acted  in 
ihe  horizontal  direction  £F  on  a  point  £  as  far  removed 
from  C  as  the  point  D  is.  We  have  reasoned  in  the  same 
manner  (as  has  been  observed)  in  the  article  Boofs, 
.where  the  obliquity  of  action  was  inconsiderable.  But  in 
the  present  case,  this  substitution  leads  to  the  greatest 
Intakes,  and  has  rendered  the  whole  of  this  theory  false 
«nd  useless.  It  would  be  just  if  the  column  were  of  ma- 
terials which  are  incompressible.  But  ill  is  evident,  from 
what  has  been  said  above,  that  by  the  compression  of  the 
•parts  the  real  fulcrum  of  the  Jever  shifts  away  from  the 
point  Cy  so  much  the  m9re  as  the  compression  is  greater. 
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III  tbe  great  comprminwii  rf  ftwJrf  ccfliimns^  and  this 
almost  ttomeasuraUe  eompressions  of  the  truss  beams  ia 
the  ceatres  of  bridges^  and  other  eases  of  chief  import^ 
ance^  the  fitlerum  b  shifted  far  oyer  towards*,  so  that 
very  few  fibres  resist  tbe  fracture  by  their  cohesion ;  and 
these  few  hare  a  verj  feeble  energy  or  momenttimy  on 
account  of  the  short  arm  of  tbe  lever  by  which  they  act.' 
This  is  a  most  important  consideration  in  carpentry,  yet 
it  makes  no  element  of  Ealer^s  theory.  The  consequence 
of  thf»  is»  that  a  very  small  degree  of  curvature  is  sufB* 
dent  to  cause  the  ccdumn  or  stnitt  to  snap  in  an  instant^ 
as  is  well  known  to  every  ezperiraced  carpenter.  The 
ezperimait  by  Muschenbroek,  which  Euler  makes  use  of 
in  order  to  obtain  a  measure  of  strength  in  a  particuUc:" 
instance)  from  wbicl^  he  might  deduce  all  others  by  his 
theorem,  is  an  incontestible  proof  of  this.  The  force 
which  broke  tbe  column  is  not  tbe  twentieth  part  of  what 
is  necessary  for  breaking  it  by  acting  at  E  in  the  direct 
tion  EF.  Euler  t^kes  no  notice  of  this  immense  discre^ 
pancy,  because  it  muet  have  caused  him  to  abandon  the 
q>eculation  with  which  he  was  then  amusing  himself. 

404.  We  cannot  find  room  at  present  to  enter  minute- 
ly upon  the  refutation  of  this  theory  ;  but  we  can  easily 
show  its  uselessness,  by  its  total  inconsistency  with  com- 
BMNi  observation.  It  results  legitimately  from  this  theory^ 
that  if  CD  bave  no  magnitude^  the  weight  A  can  ha^e 
BO  momentum,  and  the  column  cannot  be  broken.  True^ 
it  cannot  be  Iwoken  in  this  way,  snapped  by  a  trans* 
verse  Aracture^  if  it  do  not  bend  ;  but  we  know  very  well 
ths(t  it  can  be  crushed  or  crippled,  and  we  see  this  fre^- 
qnently  hiqppen.  This  circumstance  or  event  does  not 
enter  into  Euler^s  investigation,  and  therefore  the  the<^ry 
is  impei^t  at  least,  and  useless.  Had  this  crippling  been 
introduced  in  the  form  of  a  physical  assumption,  every 
topic  oi  reasoning  employed  in  the  process  must  have 
been  laid  aside,  as  the  intelligent  reader  will  easily  i 
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Sol  the  tfaedry  ItnotMily  knpeifeot,  btft  false.  Tlie  cnri 
dKuMy  leader  will  be  oMnriaeed  ef  tidd  bj  aaetbet*  (e- 
^mete  <cMseq«eMe  of  it  t'lg.  M.  k  the  salM  wftb 
Fig.  106.  ^  JBi«et%o)lV  Jfeeibum,  wiiere  tiib  mA^e^  ie 
Ittited  ^11  EuierV  prindi^es  and  represents  a  crooked 
|deoe  of  abetter  restkig  on  the  fftnwA  at  F>  and  headed  at 
A  with  a  weight  acting  in  the  Teitieal  direetibn  AP.  It 
^AilU  fhM  £eler^s  Ihemy  that  the  itraias  at  «,  B^  D» 
£>  In;,  are  iis  «  ^  BC»  DI,  EK^  &e.  Therefore  Hie  stodne 
at  O  and  H  are  aothiiig ;  and  this  is  asaerted  bf  Emer^ 
soil  and  Ealer  a^  a  seriom  troth ;  and  the  pieee  aiagr  be 
thinned  od  infinitum  in  these  two  plaees,  or  even  eat 
ftrMgh,  trilhoat  aHf  dkninution  of  its  etlrength.  The 
HbMMdHy  of  fliis  asaeition  strikes  at  frst  hearing.  lEuler 
aasctta  the  eade  thing  with  pMpect  to  a  paint  of  contrary 
teaare.   Farth^  (fiscusstea  is,  we  nffptAemi^  aeedlesB. 

4S&  This  theory  ftiast  therefore  be  giren  np.  Yet 
these  d{BSei%alionB  df  Ealeir  in  the  Peteitbargh  Coawnea- 
taries  desanre  a  penitat,  heth  as  very  iageaious  spaciinens 
af  aaalysiS)  and  beeause  they  contain  maaims  af  practica 
which  are  important  Altboagh  they  give  an  erraaeous 
measare  of  the  camparadive  strength  of  colaams^  4hey 
tSwW  the  immense  ibpoitanGe  of  preirentiag  all  bendiags^ 
and  point  oat  with  acMracy  where  the  teadenciee  to  bead 
are  greatest^  and  how  this  may  be  prevented  by  very 
ttnallibrcesi  and  what  a  prodlg^s  aecession  of  faroe 
thb  gives  the  eotanm.  There  is  a  valosfcle  paper  in  the 
saaie  volume  hf  I%ss  aa  the  Strams  an  framei  CerpeMyf 
whkh  tnay  also  be  read  with  advantage. 

486.  It  wilt  now  be  asked,  what  shdH  be  sabstituted  i» 
place  of  this  erroneotts  theofy  ?  What  is  the  trae  propor- 
tion of  the'  strength  of  cotanms  f  We  acknowledge  our  . 
inabifity  to  give  a  satWfactory  answer.  Such  can  be  Ob* 
tained  only  by  a  pretfoas  knowledge  of  tfhe  proportiion 
be^een  the  extensions  and  compressions  producoff  by 
equal  ibrees,  by  the  tnowladge  of  the  absolute  compreiK 
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Ihe  degree  of  tkfit  4erMgcMfnt  pS  fttfU  wbkh  if  torm^A 
.  cripplings  Tkeee  etrcunirtftiiece  aie  but  iiyperfeeilji 
Iraown  te  iia»  and  tbere  Km  beibre  lii  •  wide  Md  oC  eatr 
pcrimcdUl  inquiiy.  EoetiiDtlciliy  tbe  for«e  fequitke  fet 
mppling  a  beam  is  prodigious,  and  a  very  qmail  kleral 
support  is  sufficient  to  prevent  tbat  bending  which  puts 
the  beam  in  imminent  danger.  A  judicious  evghreer  will 
always  employ  transverse  bridles,  as  they  are  called,  to 
stay  the  middle  of  long  beamst  which  are  employed  as 
pillars,  straits,  er  truss  beamf,  and  are'eiLposfd^  by  Iheir 
position,  to  enormous  pressures  in  the  direction  of  their 
lengths.  Such  stays  may  be  observed,  disposed  with 
great  jodgment  and  economy,  in  the  cfntres  employed 
by  Mr  Perronet  in  the  erection  of  his  great  stone  arches. 
He  was  obliged  to  conect  this  omission  made  by  bis  in* 
genious  predeeessor  in  tbe  beauAifiil  centres  of  tbe  bridge 
ot  Orleans,  which  we  have  no  hesitation  in  affiraiing  to 
be  the  finest  piece  of  carpentiy  in  the  world. 

It  only  remains  on  tfaie  head  to  comfiare  Abesa  ^eofe- 
tical  deductions  with  experiment. 

427.  Experiments  on  the  transverse  strength  of  bodies 
are  easily  made^  and  accordingly  afe  veqr  nansecovs, 
especially  those  made  on  timber,  wbich  is  the  cast  mpst 
common  and  most  interesting.  Bat  in  this  great  nufn- 
ber  of  experimanis  there  are  very  few  from  wUcfc  we  can 
draw  much  practical  information.  The  experiments  hqve 
in  general  been  made  on  such  so^ll  scantlings,  tbat  the 
unavoidable  natural  ineqaniities  bear  tao  glisat  «  prqpor* 
tion  to  the  strength  of  the  whole  pieca  Accordingly, 
when  we  compare  the  eipcriments  of  different  authors, 
we  find  them  differ  enorrooaaly,  and  ^T^n  tbe  experi- 
ments by  the  same  author  are  very  anomalous.  He 
completest  series  that  we  have  yet  seen  is  tbat  detailed 
by  B^lidoi!  in  his  S$inm  ii9  Jft^genk^r^  They  ar^  e»n« 
lained  in  the  Ulawii|g  t«bW.    Tb^^  pi?e«  were  aowdt 
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CTen-grained  oak.  The  column  b  contains  the  breadths 
of  the  pieces  in  inches;  the  column  d  contains  their 
dq>ths ;  the  column  /  contains  their  lengths ;  column  p 
contains  the  weights  (in  pounds)  which  broke  them  when 
hung  on  their  middles ;  and  »  is  the  column  of  averages 
or  mediums. 


N 

b 

d 

/ 

P 

m 

1 

1 

1 

18 

400 
415 
405 

406 

2 

I 

1 . 

18 

600 
600 
624 

608 

S 

2 

1 

18 

810 
796 
812 

805 

4 

1 

e 

18 

15T0 
1580 
1590 

1580 

5 

1 

I 

S6 

185 
195 
180 

187 

6 

1 

1 

36 

285 
280 

285 

283 

7 

3 
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86 

1550 
1620 
1585 

1585 

8 

H 

«f 

86 

1665 
1675 
1640 

1660 

The  ends  lying  loose. 
The  ends  firiAly  fiiMd. 

Loose, 

lioose. 

ItfOose. 

fixed* 

Loose, 

Loose, 


488.  By  comparing  Experiments  1st   and  Sd^   tho 
ltrfD|;th  appears  proportional  to  the  breadth* 
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Sxperimento  3d  and  4th  shew  the  strength  propor^ 
tional  to  the  square  of  the  depth. 

Experiments  Ist  and  5th  shew  the  strength  nearly  in 
the  inverse  proportion  of  the  lengths,  but  with  a  sensible 
deficiency  in  the  longer  pieces. 

Experiments  6th  and  7ih  jihew  the  strengths  propor*  ' 
tional  to  the  breadths,  and  the  square  of  the  depth. 

Ej^ieriments  1st  and.  7th  shew  the. same  thing,  com* 
pounded  with  the  inveme  proportion  of  the.  length:  the 
deficiency  relative  to  the  length  is  not  so  remarkable 
here. 

Experimenta  1st  and  2d,  and  experiments  Sth  and  6th, 
4iew  the  increase  of  strength,  by  fastening  the  ends,  to 
he  in  the  proportbn  of  2  to  3^  The  theory  gives  the 
proportion  of  2  to  4.  But  a  difference  in  the  manner  of 
&dng  may  produce  this  deviation  from  the  theory,  which 
only  supposed  them  to  be  held. down  at  place?  beyond 
the  props,  as  when  a  joist  is  held  in  the  .walls,  and  also 
rests  on  two  pilburs  between  the  walls.  {^  ^i^t  ^  said 
on  this  subject  under  the  article  Roof.) 

The  chief  source  of  irregularity  in  such  experiments  is 
the  fibrous,  or  rather  plated  texture  of  timber.  It  con* 
aists  of  annual  additions,  whose  cohesion  wUb  each  other 
is  vastly  weaker  than  that  of  their  own  fibres.  Lc^t  Fig. 
21.  represent  the  section  of  a  tree,  and  ABCD,  abxd 
the  section  of  two  battens  that  are  to  be  cut  out  of  it  for 
experiment,  and  let  AD  and  a  d  be  the  depths,  and  DC, 
4l  c  the  breadths.  The  batten  ABCD  will  be  the  strong- 
est, for  the  same  reason  that  an  assemblage  of  planks  set 
edgewise  will  form  a  stronger  joist  than  planks  laid  above 
each  other  like  the  plates  of  a  coach*spring.  Mr  Bufibn 
found  by  many  trials  that  the  strengthsof  ABCD  was  to 
that  of  o  i  c  d  (in  oak)  nearly  as  8  to  7.  The  authors  of 
the  different  experiments  were  not  careful  that  their  bat- 
ten|  had  their  plates  all  disposed  similarly  with  respect 
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to  tli«  strtia.  Sot  even  with  tSiis  prectutbii  thtjr  would 
not  bare  afforded  sure  grottnds  of  compqlatiQa  for  largr 
irorki ;  for  great  beams  oecupy  much,  if  not  the  whole, 
4>f  the  section  of  the  tree ;  and  from  tlib  H  Iim  faafipeaed 
that  their  strength  is  less  than  19  pmportion  to  4faat  of  a 
small  lath  pr  batten.  In  short,  we  can  trust  so  experi- 
ments bft  such  as  have  been  made  00  fawge  bcmn. 
These  must  lie  very  rare,  for  they  are  BUost  etxpensive 
and  laborious,  and  exceed  the  abilities  of  noet  «f  tiatm 
who  BTt  disposed  to  ^udjr  this  matter. 

But  we  are  not  wholly  without  such  authority.  Mr 
Boffon  and  Mr  Du  Hamel,  two  of  the  fimt  phitoenphers 
and  mechanidani  of  the  age»  were  dieeeted  by  gor^em* 
Bient  to  make  experiments  en  this  subject,  and  were  sufh 
plied  with  ample  fends  and  apparatus.  The  jwlctioo  of 
their  ^periments  4s  to  be  found  in  the  Mcppin  of  the 
French  Academy  for  1740,  1941 » 1'I48»  ITfiS;  :i^  also  in 
Dn  Hamel^s  raluable  perfbnhancits  vanr  TEtfltnifltim  4m 
Arbrti'y  eiwurla  ComenmHm  it  k  TnMJup»ft  de  Boul  We 
earnestly  recommend  these  dissertations  to  the  pernsal  of 
our  readers,  as  eontainlog  much  useful  information  cela- 
tiTC  to  the  strength  of  timber,  and  the  best  methods  of 
employing  it.  We  shall  here  give  an  abstract  of  Mr  Bufi- 
fbn^s  experiments^ 

489.  He  rdafes  a  graat  nvmber  which  be  had  prose- 
cuted during  two  years  on  small  battens.  He  ibiuul  that 
the  odds  of  a  singfe  fayer,  or  part  of  a  layer,  mor;  or 
less,  or  even  a  different  disposition  of  them,  had  sneh  in- 
fluence that  he  was  obliged  to  abandon  this  method,  and 
to  hav«  recourse  to  the  largest  beams  that  he  was  aide  to 
break.  The  following  table  exhibits  one  series  of  expo- 
riments  on  bars  ol  sound  oak,  dear  of  knota,  and  foear  * 
inches  square.     This  is  a  spechnen  of  aU  (he  rest 

Column  Ist  is  the  length  of  the  barm tet ekar  be* 
tween  the  supports.- 
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Colamn  2d  is  the  wei|^t  of  the  bar  (the  second  day 
after  it  was  felled)  in  pounds.  Tvro  bars  vfere  tried  of 
each  length.  £ach  of  the  first  three  pairi  consisted  of 
two  cnts  of  the  same  tree.  The  o>e  next  the  root  was 
always  found  the  heaviest,  sttt^st,  and  strongest  In- 
deed  Mr  BuflTon;  sajs  that  this  was  inrariably  true,  that 
the  heaviest  was  always  the  strongest;  and  he  recom- 
mends  it  as  a  certain  or  sure  rule  for  the  choice  of  tim- 
ber. He  finds  that  this  is  always  the  case  when  the  tim- 
ber has  grown  vlgomualy,  fanniog  tisrj  thick  annual  liy. 
ers.  But  he  also  obser^s  that  this  is  only  during  the 
advances  of  the  tree  to  snaturi^;  for  the  strength  of 
the  different  circles  afiproadies  gradually  to  equality  du- 
ring the  tree^s  healthy  growth,  and  then  it  decays  in  these 
|iirts  in  «*  fOBtraiy  order*  Our  tooiisafcars  assert  the 
aanse  tluag  with  rospeot  to  beeeh :  yet  a  eoi^rary  opiaioa 
iivery  pttvaleat;  aad  wood  witbafipfl^  that  is»  i^  svaall 
grain,  14  frequently  preferred*  Perhaps  m^  persofi  hi|a 
ttrer  made  the  trial  with  a««h  sminQteaess  aa  Mr  Buffon* 
and  we  think  that  much  deflureace  ia  due  to  his  opi- 
nion. 

Coiamn  Sfl  is  the  mimber  of  pounds  necessary  for 
faroaking  the  tree  in  the  course  of  a  few  muuites. 

Column  4th  is  the  inches  which  it  beat  dowi  before 
bueekii^. 

Cohnon  5lh  is  the  time  at  which  it  broke. 
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1 

S 

S 

4 

5 

7 

feo 

156 

5S50 
5275 

3,5 
4,5 

89" 
82 

8 

f68 

4600 
4500 

8,75 
4,7 

15 
IS 

9 

C77 
171 

4100 
8950 

4,85 
5,5 

14 

12 

10 

f84 
188 

3685 

8600 

5,88 
6,5 

15 
15 

12 

flOO 
198 

8050 
8925 

7, 
8, 

The  ezperimeBts  on  other  sises  were  made  in  the  tame 
way.  A  pair  at  least  of  each  length  and  sise  was  taken. 
The  mean  results  are  contained  in  the  fidlowing  table* 
The  beams  were  all  square,  and  their  sises  in  inches  are 
placed  at  the  head  of  the  columns,  and  their  lengths  in 
feet  are  in  the  first  column. 


4 

5 

■  6 

pv 

8 

A 

7 

5818 

11525 

18950 

82800 

47649 

11525 

8 

4550 

9787 

15525 

26050 

39750 

10065 

9 

4085 

8808 

13150 

82850 

38800 

8964 

10 

8618 

7125 

11250 

19475 

87750 

8068 

12 

8987 

6075 

9100 

16175 

83450 

6788 

14 

5300 

7475 

13885 

19775 

5763 

16 

4850 

6862 

11000 

16375 

5048 

18 

8700 

5562 

9245 

18800 

4488 

80 

3225 

4950 

8375 

11487 

4034 

82 

2975 

3667 

24 

8168 

3368 

88 

1775 

8881 

Mr  Buffon  had  found  by  numerous  triab  that  oak«tim- 
Kr  teat  much  of  its  strength  in  the  course  of  diTing  or 
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seasoning ;  and  therefore,  in  order  to  secure  nnifprmity^ 
hk  trees  were  all  felled  in  the  same  season' of.  the  year, 
were  squared  the  day  afler^  and  tried  the  third  day.  Try- 
ing them  in  this  green  state  gave  him  an  opportunity  of 
observing  a  very  curious  and  unaccountable  phenomenon* 
When  the  weights  were  kid  briskly  on^  nearly  sufficient 
to  break  the  log,  a  very  sensible  amoke  was  observed  to 
issue  from  the  two  ends  with  a  sharp  hissing  noise.  This 
continued  all  the  while  the.  tree  was  .bending  and  cradc* 
ing.  This  shows  that  the  log  is  affi^rted  or  strauied 
through  its  whole  length ;  indeed  this  must  be  tnfienred 
from  its  bending  through  its  whole  loigth.  It  also  shows 
us  the  great  effects  of  the  compression.  •  It  is  a  pity  Mv 
Buffon  did  not  take  notice  whether  this  smoke  issued 
from  the  upper  or  compressed  half  of  the  section  only,  or 
whether  it  came  from  the  whole, 

480.  We  must  now  make  some  observatioBS  on  these 
experiments,  In  order  to  compare  them  with,  tlie  theoijr 
vHrich  we  have  endeavoured  to  estaMisb. 

Mr  Buffon  considers  the  experiments  with  the  5  inch 
bars  as  the  standard  of  comparison,  having  both  extended 
these  to  greater  lengths,  and  having  tried  more  pieces  of 
each  length. 

Our  theory  determines  the  relative  strength  of  bars  of 
the  same  secdbn  to  be  inversely  as  their  lengths.  But 
(if  we  except  the  five  experiments  in  the  first  column) 
we  find  a  very  great  deviation  from  this  rule.  Thus  the 
5*inch  bar  of  88  feet  long  should  have  half  the  strength 
of  that  of  14  feet,  or  2650 ;  whereas  it  is  but  1775.  The 
bar  of  14  feet  should  have  half  the  strength  of  that  of  7 
feet,  or  57M ;  whereas  it  is  but  5300.  In  like  manner; 
the  fourth  of  11685  is  8881 ;  but  the  real  strength  of  the 
88  feet  bar  is  1775.  We  have  added  a  column  A^  which 
exhibits  the  strength  which  each  of  the  5-inch  bars  ought 
to  have  by  the  theory.  Thia  deviation  is  most  distin^y 
aaei)  in  Fig*  88.  where  BS  is  the  {icale  of  lengths,  B  hmff 
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at  the  point  7  of  the  scale  and  K  at  SB.  Ths  ordiaala 
CBissr.llfieS,  and  tht  otker  ordinateft  DE,  AK,  Sec; 

7  CB 

are  respectively  =  = — ^^.    The  lines  DF,  GH,  &c.  are 

made  ss  43S0,  1775,  ttc.  expressinf  the  strcngtha  giren 
hj  experiment^  The  10  feet  bar  and  the  M  feet  bar  are 
v^markabty  anomalMs.  Bat  aU  are  deArient,  and  the 
defect  has  an  erident  progression  from  the  first  to  the 
last.  The  same  thing  may  be  shown  of  the  other  eo« 
luHms,  and  eren  oi  the  first,  though  it  is  very  small  in 
that  eolnmn.  It  may  also  be  observed  in  the  experiments 
of  BeKdor,  and  m  all  that  we  hare  seen<  We  caanot 
doubt  therefore  of  its  bebg  a  law  of  nature^  depending 
on  the  true  principles  of  cohesion^  and  the  laws  af  me* 
ehaiiics. 

But  it  is  very  puzaling,  and  we  cannot  pretend  to  pvm 
m  satisfactory  cK^aaation  of  the  diffienlty.  The  only  ef- 
fcet  which  we  oan  eoncesve  the  length  of  a  beam  to  have^ 
is  to  increase  the  strain  at  the  seetaon  of  fraetare  by  eiftf 
ploying  the  intervening  beam  aa  a  lerer.  Biit  we  do  not 
distinctly  sea  what  change  this  can  prodnee  in  the  mods 
of  action  of  the  fibres  in  dus  section,  so  as  eitker  to  cbangt 
their  cohesion  or  the  pUce  of  its  centre  of  eiibrt :  yet 
something  of  this  kind  must  happen. 

We  see  indeed  some  circnmstonaea  which  mnsteantvit 
bote  to  make  a  smaller  weight  saffleient,  ii|  Mr  Bnffba^s 
experiments,  to  break  a  bng  beam  than  in  the  e9«ct  ii^ 
verse  proportion  of  its  lengtk 

In  the  firat  place^  the  weight  of  the  bcaaoi  itself  eng^ 
ments  the  strain  as  much  as  if  half  of  U  were  added  in  the 
form  of  a  weight  Mr  Bnian  has  given  the  we^fhts  of 
every  beam  on  wUch  be  made  expevkaentSy  wkkh  is  very 
nearly  74  pounds  per  ciriiiQ-faat.  But  they  are  much  too 
small  to  account  for  the  deviation  from  tke  theory.  The 
half  waights^of  the  5.inek  fatanis  of  7,  14^  and  SB  feel 
lengdiare  o^iy  ^>  9S^  and  118  pounia;  which  mshet 
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tht  ml  ftri^ina  m  the  experiments  llfiSO,  AS90,  ta^ 
HftM ;  vriddi  ere  fer  from  iMviDg  the  propoitiaiii  of  4^  8, 
leidL 

*  BufFett  iejB  thet  healthy  trees  arevrnvtrialty  glrengeit 
et  the  loot  end ;  thu^re  when  we  use  a  longer  beamy 
iti  aakUUe  point,  where  it  it  broken  in  the  experiment,  ia 
in  a  wealeer  part  of  the  tree.  But  the  trials  of  the  4«ch 
beams  show  that  the  diftrence  from  this  cause  as  ahnost 
kisensible. 

The  length  mnst  have  aene  mechsnieal  inflnenee  wUck 
the  tbewj  we  have  adopted  has  not  yet  expbmed.  It 
aaay  not  imweTcr  be  inadequate  to  the  task.  The  rerj 
ingenions  investigation  ef  the  elastic  eurre»  by  JaoMS  Ber* 
uMiii  and  otiier  ceiebratod  mathematicians^  is  perhaps  aa 
sefined  an  ^ipplication  ef  mathematieal  analysis  as  we 
knMT.  Yet  in  this  investigation  it  was  necessary,  in 
order  to  nvoid  almost  insupetmbie  difficulties,  to  tak^  the 
eSmpiest  possible  4sase,  via.  where  the  thickness  is  eaeeed« 
ii^  small  in  comparison  with  the  length.  If  the  thick* 
ness  be  considerable,  the  quantities  neglected  hi  the  ealctt* 
lus  are  i^  great  to  permit  the  condusion  to  be  accurate,^ 
or  very  nearly  so.  IW  ithovt  being  aUe  to  define  theform 
asto  whidi  an  elastic  body  of  considerable  thicknem  wiM 
be  bent,  we  ekn  my  with  confidence^  that  in  an  extreme 
case,  whoetbe  eompresrion  in  the  concave  side  is  very 
great,  tlm  oorvatnre  diibrs  considerably  from  the  Bempul* 
ban  enrre.  But,  as  our  investigation  is  ineompleto  and 
very  long,  we  do  not  offer  it  to  the  reader, 

4S1*  Thefetlowing  more  familiar  eonnderations  will^ 
we  apprehend,  render  it  highly  proiiable  that  tite  rehriive 
stues^  of  Aeaam  decreases  faster  than  in  the  inverm 
ratio  of  their  length*  The  curious  observation  by  Mr 
Bnffon  of  the  vapour  whkh  issued  with  a  hissing  noise 
from  the  ends  of  a  beam  of  green  oak,  while  it  was  break* 
iog  by  the  load  on  its  middle,  shows  the[t  the  whoto  length 
nf  «fae  piece  wai  affepted:  indetd  it  must  Ibe,  sin<^  it  is 
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bent  UirougKdut    We  have  shown  abo^e,  Ihitl  it  ccrtailt 
definita  curvature  of  a  beam  of  a  given  (ann  is  alwajs  ae* 
companied  by  rupture.    Now  suppose  the  beam  A  of  lO 
feet  long,  and  the  beam  B  of  SO  feet  long,  bent  to  tbe 
9fm%  degree,  at  the  {dace  of  thmr  fixture  in  the  wall  ;  the 
weight  which  hangs  on  A  is  nearly  double  q£  that  which 
must  hang  on-  B.    The  form  of  any  portion,  sufqyoae  5 
feet,  of  these  two.  beams,  immediately  adjoining  to  the 
wail,  is  considerably  different.    At  the  distance  of  5  fieet 
tha  curvature  of  A  is  ^  of  its  curvature  at  the  wall.     The 
curvature  of  B  in  the  corresponding  point  is  f  ths  of  the 
tame  curvatnre,  at  the  wall.    Through  the  whole  of  the 
intermediate  5  feet,  therefore,  the  curvature  of  B  is  greater 
than  that  of  A     This  must  make  it  weak^  throughout. 
It .^uist.  occasion  the  fibres  to  slide  more  on  each  other 
(that  it  may  acquire  this  greater  curvature),  6nd  thus 
afiect  their  lateral  union ;  and  therefore  those  which  are 
ftCrottger  will  not.  assist  their  weaker  neighbours.    To  tfaia 
we  must  add,  that  in  the  shorter  beams  the  force  with 
which  the  fibres  are  pressed  laterally  on  each  other  ia 
double.    This  must  impede  the  mutual  sliding  of  the  fibres 
which  we  mentioned  a  little  ago;  nay,  this  lateral  ^ooi^ 
pression  may  change  the  law  of  longitudinal  cohesion  (as 
will  readily  appear  to  the  reader  who  is  acquainted  with 
Boscovich^s  doctrines),  and  increase  the  strength  of  the 
very  surface  of  fracture,  in  the  same  way,  however  inex- 
plicable^  as  it  does  in  metals  when  they  are  hammered  or 
drawn  into  wire* 

The  reader  must  judge  how  iar  these  remarks  are  worthy 
of  his  attention.  The  engineer  will  carefully  keep  in  mind 
the  impcikant  fact,  that  a  beam  of  quadrufde  length,  in- 
stead of  having  ^th  of  the  strength,  has  only  about  |th; 
and  the  philosopher  should  endeavour  to  discover  the  cause 
of  this  diminution,  that  he  may  give  the  artist  a  more  ac* 
curate  rule  of  computatnon. 

432.  Qur  ignorance  of  the  law  by  which  the  cobesioa 
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of  the  particles  changes  by  a  cbaagt  of  disttaee,  hinders 
us  firom  discoTering  the  precise  rdation  between  the  cur- 
Tature  and  the  momeatmQ  of  cohesion ;  and  all  we  can  do 
is  to  multipljr  experiments,  upon  which  we  maj  establish 
some  €mfirical  rules  for  calculating  the  strength  of  solids. 
Those  from  which  we  must  reason  at  present  are  too  few 
and  too  anomalous  to  be  the  foundation  of  such  an  empi- 
rical formula.  We  maj,  however,  observe,  that  Mr  Buf- 
foB^s  experiments  give  us  considerable  asristanee  in  this 
particular :  For  if  to  eadi  of  the  numben  of  the  column 
for  the  5-inch  beams,  corrected  by  adding  half  the  weight 
of  the  beam,  we  add  the  constant  number  1245,  we  shall 
have  a  set  of  numbers  which  are  very  nearly  redprocab  of 
the  lengths.  Let  1245  be  called  c,  and  let  the  weight 
which  is  known  by  experiment  to  be  neciessary  for  break- 
ing the  5-inch  bc»un  of  the  length  a  be  called  P.    We 

shall  have  -~ —  c  =  p.    Thus  the  weight  neces* 

sary  for  breaking  the  T-foot  bar  is  11560.    This  added 

to  1245,  and  the  sum  multiplied  by  7,  gives  P-|-cxa  = 

896S5.    Let /be  18;  then  ^?^  — 1246  =  3725,  =p, 

which  differs  not  more  than  ^^th  from  what  experiment 
gives  us.  This,  rule  holds  equally  well  in  all  the  other 
lengths  except  the  10  and  24  foot  beams,  which  are  very 
anomalous.  Such  a  formula  is  abundantly  exact  for  prac- 
tice, and  will  answer  through  a  much  greater  variety  of 
length,  though  it  cannot  be  admitted  as  a  true  one ;  be- 
cause, in  a  certain  very  great  length,  the  strength  will  be 
nothing.  For  other  sixes  the  constant  number  must 
change  in  the  proportion  of  d',  or  perhaps  of  p. 

433.  The  next  comparison  which  we  have  to  make  with 
the  theory  is  the  relation  between  the  strength  and  the 
square  of  the  depth  of  the  section.  This  is  made  by  com- 
paring with  eaeh  other  the  numbers  in  any  horizontal 
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line  of  the  tMe.  In  maktuf  this  cofii^iiiea  we  fiad  the 
iMimbe«B  of  ibe  5-iiieh  ban  uniforitil^  greater  than  ike 
rest  We  iiiMgiiie  tiMit  tkereis  sonietbfiBg  peculiar  to 
tbese  bars :  Tbey  are  in  general  heavier  than  in  the  pro» 
portion  of  their  Bectiod^  but  Aot  so  Much  as  to  oceount 
for  all  their  superiority.  We  HMgine  that  this  let  of  ex<* 
periments,  idtended  as  o  stan<iard  fer  the  rest,  has  been 
made  at  one  time,  and  that  the  season  has  had  a  consider* 
aJMe  Infhteoce.  The  fact  however  is,  that  if  this  cohma 
be  kept  Out,  or  the  mimbers  which  rqiresent  the  strengths 
be  nniformty  diminished  aboot  /^tb,  the  different  sises 
will  deviate  very  little  firom  the  ratio  of  the  square  of 
tke  depth,  08  determined  by  theory.  There  is,  however, 
a  sniafl  de&eieney  ki  the  larger  beams. 

.We  have  been  thus  enziotts  in  the  examination  of  these 
experinaents,  because  they  are  the  only  ones  which  .have 
been  related  in  sufBcient  detail,  and  made  on  a  proper 
scale  foi*  giving  us  data  front  which  we  can  deduce  confi« 
deaiial  uaximB  for  practice.  Tbey  are  $0  troublesome 
and  expensive  that  we  have  little  hopes  of  seeing  their 
number  greatly  increased ;  yet  surely  our  navy  board  would 
do  an  «ii8pe«kable  service  to  the  public  by  appropriating  ^ 
fund  for  such  »periments  under  the  management  of  some 
man  of  science. 

434.  There  remains  another  comparison,  which  is  of 
diief  importance,  namely,  the  proportion  between  the  ab- 
solute conssroN  and  the  ftELHTivB  strekoth.  It  may  be 
guessed,  from  the  very  nature  of  the  thing,  that  this  must 
le  very  uncertain.  .Experiments  on  the  absolote  strength 
must  be  confined  to  very  small  pieces,  by  reason  of  the 
v^ry  great  forces  which  are  required  for  tearing  them 
asunder.  The  values  therefore  deduced  from  them  must 
be  subject  to  great  inequalities.  Unfortunately  we  have 
got  no  detail  of  any  experiments ;  all  that  we  have  to  de* 
pend  on  is  two  passages  of  Muschenbroek^s  Essais  de  Phy- 
Miquc ;  in  oae  of  which  he  says,  that  a  piece  of  sound  oak 
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^Vt^lhsofati  iuth  si|uare  is  torn  asunder  by  115D  poUnds ; 
and  in  the  oilier,  thit  all  oak  plank  ti  ittdietf  broad  and  I 
thick  w ill  just  sQspend  189,163  pounds.  Tk^  give  for 
the  cohesion  of  an  inch  square  I5>755  and  lAy763  pounds. 
Bmiguer,  in  kis  Tf^dtf  dM  Nm4tti  says,  Ihal  it  is  tery  well 
ioMiWfk  that  ft  rod  of  sound  oak  ^th  #f  an  Itudk  UftMn 
will  be  lorn  asander  by  lOOD  pMads.  TMa  gifts  \ifiOO 
tor  the  eoheiton  of  a  squam  inch.  Vf0  shall  take  this  m  a 
fOHiAi  nmtiba^,  easily  used  In  our  eomprtationo.  Lat  at 
tompBBtt  this  wilb  Mr  Baftwf*^  trials  of  teaasa  tor  intbas 
Iqaara. 

.The absolute  cohesion  of  this  section  is  16,000  x  16  ::^ 
SM,00a  Did  every  fibre  exert  its  whole  force  in  the  ill- 
stant  of  fracture,  the  momentnm  xit  cohesion  yttnAA  be  the 
aame  as  if  it  had  all  acted  at  the  centre  of'  gttctky  of  the 
section  at  2  inches  fttiin  the  axis  of  fracttrre,  and  U  tbaiis 
fore  512,000.  The  4*incfa  beam,  T  feet  long,  was  bfokeft 
by.  5m  pounds  hung  on  iU  middle.  The  half  of  this,  or 
265Q  pounds,  would  have  broken  it^  if  tfuspeiided  at  tte  e^- 
tremityy  projecting  3|  feet  or  42  inches  fkom  a  wall.  The 
momentum  of  this  strain  is  tfaereibre  2656  x  49,  ^  111552. 
Now  this  is  In  equtlibrio  With  die  actual  momentum  df  ed- 
hesion^  which  is  therefore  llli62  ifistead  of  A12000. 
The  strength  19  therefore  diminlsheil  in  the  propo/tiaft  df 
612000  to  1 1 1552,  or  very  neaily  of  46*  to  1. 

M  we  are  quite  oncertfiln  a^  to  the  place  of  the  tetHttt 
of  effort^  it  is  needless  (o  Consider  the  Mt  coftestoft  as 
^ting  at  the  centre  of  gravity,  and  prodfucing  the  mdmen- 
fum  5lifi00;  and  we  may  convert  the  whole  into  a  sim- 
ple multiplier  m  of  the  length,  and  say,  atf  m  femes  the  * 
kngth  is  to  the  depths  so  is  tHe  dbsohtt  cohesion  oft^  stdi&n 
to  tht  nlattot  strength.  Therefore  let  the  absduia  cohesioti 
of  a  square  inch  be  called  /,  the  breadth  9,  the  deptir  ^, 
and  (he  length  /  (all  in  Inches),  the  relative  5trehgtb>  dr  tb^ 

VO]b.  f*  .  2  H 
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external  force  p,  which  balances  it^  is  *^        ,  or  in  round 

numbcFB  ^   .y- ;  for  m  =  2  x  4,50. 

This  great  diitiintttion  of  strength  cannot  be  wholly  ac- 
counted for  by  the  inequality  of  the  cohesive  forces  ex- 
erted in  the  instant  of  fracture ;  for  in  this  case  we  know 
that  the  centre  of  effort  is  at  one  third  of  the  height  in  a 
rectangular  section  (because  the  forces  really  exerted  are 
as  the  extensioas  of  the  fibres).     The  relative  strength 

/*A  d* 

would  be  ^^-^ — y  and  p  would  have  been  6187  instead 

of  2666. 

.  We  must  ascribe  this  diminution  (which  b  three  times 
'greater  than  that  produced  by  the  inequality  of  the  cohe- 
sive forces)  to  the  compression  of  the  under  part  of  the 
beam ;  and  we  must  endeavour  to  explain  in  ^hat  manner 
this  compression  produces  an  effect  which  seems  so  little 
explicable  by  such  means. 

As  we  have  repeatedly  observed,  it  is  a  matter  of  nearly 
universal  experience  that  the  forces  actually  exerted  by 
the  particles  of  bodies,  when  stretched  or  compressed,  are 
▼ery  nearly  in  the  proportion  of  the  distances  to  which 
the  partic](»B  are  drawn  from  thei|f  natural  positions.  Now,, 
although  we  are  eertain  that,  in  enormous  compressions, 
the  forces  increase  faster  than  in  this  proportion,  this 
makes  no  sensible  change  in  the  present  question,  be- 
cause the  body  is  broken  before  the  compressions  have 
gone  so  far ;  nay,  we  imagine  that  the  compressed  parts 
are. crippled  in  most  cases  even  before  the  extended  parts 
.are  torn  asunder.  Muschenbroek  asserts  this  with  great 
« confidence  with  respect  to  oak,  on  the  authority  of  his 
own  e:i(periments.  He  says,  that  although  oak  will  sus- 
pend half  as  much  again  as  fir,  it  will  not  support,  as  a 
pillar,  two-thirds  of  the  load  which  fir  will  support  in  that 
form. 
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We  imagine  therefore  that  the  mechaniskn  in  the  present 
tase  is  nearly  as  follows : 

Let  the  beam  -DCK  A  (§g.  23)  be  loaded  at  ita  ex- 
tremity with  the  weight  P^  adtidg  in  the  direction  KP> 
perpendicular  to  DC.  Let  D  A  be  the  section  of  fracture. 
Let  DA  be  about  fd  bf  Da.  A  will  be  the  particle  ot 
fibre  which  is  neither  extendi  or  compressed.  Make 
A>:Dd  =  DA:AA.  The  triangles  DA 4»  AAi,  will 
represent  the  accumulated  attracting  and  repelling  fdrces^ 
Make  AI  and  At  =  Jd  DA  and  ,'d  A  A.  The  poittt  I 
will  be  that  to  whi<^h  the  full  cohesion  D  d  or /of  the  par* 
tides  in  AD  must  be  applied,  so  as  to  produce  the  same 
tBomentUm  which  the  variable  forces  $t  I^  D,  &c.  really 
produce  nt  their  several  points  of  application.  .  In  like 
manner,  %  is  the  centre  of  similar  effort  of  the  repulsive 
forces  excited  by  the  compression  between  A  and  a,  and 
it  is  the  real  fulcrum  of  a  bended  lever*  1 1  fc,  by  which 
the  whole  effect  is* produced.  The  effect  is  the  same  as  if 
the  full  cohesion  of  the  stretched  fibres  in  AD  were  accu- 
mulated in  I,  and  the  full  repulsion  of  all  the  comprewed 
fibres  in  A  A  were  accumulated  in  t.  The  forces  which 
aie  balanced  in  the  operation  are  the  weight  P,  acting  by 
the  arm  Art,  and  the  full  cohesicui  of  AD  acting  by  the 
itrm.  1 1.  The  forces  exerted  by  the  compressed  fibres  be«i 
tween  A  and  a  only  serve  to  give  support  to  the.leVer^ 
that  it  may  exert  its  strain. 

-  We  imagine  thi^  this  does  not  differ  much  from  the 
real  procedure  of  nature.  The  position  of  the  point  A 
may  be  different  from  what  we  have  deduced  from  Mr 
Buffbn^s  experiments,  compared  with  Muschenbroek^s 
valve  of  the  absolute  cohesion  of  a  square  inch.  If  this 
last  should  be  only  13000,  DA  must  be  greater  than  we 
hatiB  here  made  it,  in  the  proportion  oflSOOO  to  16000. 
For  1 1  miKt  stBI  be  made  s  Jd  A  A-,  supposing  the 
forces  to  be  proportional  to  the  extensipns  and  compres* 
tions;    These  can  be  no  doubt  that  a  part  only  otC.the 
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tdiesioacof  Da  operates  is  MsisliBg  ibe  fraciure  ia  lA 
substances  which  have  any  compFeaaibiUty  ;  and  it  i$  cod- 
firmad  by  the  etparitfients  of  Mr  Ihi  Hanel  on  willow, 
Hid  iJk/t  bfereaces  are  by  no  meana  coafiiied  to  ihat 
^padaa  of  timber.  Wo  saf,  therefore,  that  whea  the 
iMeam  m  broken^  tho  oobftsi  w  of  AD  aione  H  eserted,  and 
that  eacb  fibre  exerts  a  fortio  fuoportiofial  to  its  asrtensioa ; 
ttud  tho  accuBUdatod  naaaentum  is  the  samt  as  if  the  fiiU 
aohesioa  of  AX>  w^e  acting  by  the  lever  1 1  s^  |d  of 
Da. 

It  may  be  said,  thai  if  odf  fd  of  tb^  cohewrn  of  oak 
bo  exerted^  tt  au^  be  cut  f  d^  through  without  weakwii^g 
it  But  thia  cannot  boi  beoiuso  the  oohesioti  of  the  whole 
is  ompioyed  ia  preventing  the  lateral  slide  to  often  aien* 
tioned.  We  have  tto  etpotiments  to  determoie  that  it 
fiHff  mt  bo  cot  thraugk  id  wUiioul  loei  of  lt$  streaglk. 

This  must  iy>t  he  considered  as  a  solgect  of  mere  sp^ 
eulative  curiosity :  It  is  iutimatoly  conafeetod  with  all  the 
practical  uses  which  we  oa*  make  of  thia  knowledge ;  te 
it  ia  ali^ost  the  oaly  wi^  that  we  cati  learn  tho  compres-- 
aibility  of  timber.  Hxporinents  oa  the  direct  coheaioa 
oj^  iodeed  difficulty  a^  exqeediiigly  eXpoitslve  if  we  at^ 
tempt  them  in  Urge  pieoeai  But  axperimenta  oa  cobq^ 
preipioo  are  almost  impcacticaUe.  The  most  instrao- 
tiva  experimeiiis  would  be,  first  to  establish^  by  a  great 
number  of  trialsi  the  transverse  force  of  a  ouideni  bat» 
ten  ;  aod  theii^  to  moke  a  great  iutiiri:>er  of  triala  of  tho  ^o 
miaotion  of  ita  strengtbi  by  cutting  it  through  oa  the  caiir 
cav«.sida.  Thia  would  very  neaaiy  gjive  ua  the  proportioo 
of  the  oohesiqii  which  really  operatea  in  resisting,  firw- 
tores.  Tkus^ifiibefottiidthatoaehalfof  thebeammay 
be  cot  oa  the  mider  side  without  diasinution  of  its  streqgth 
(taking  care  to  drivo  ia  a. slice  of  harder  wood)  we  may 
conclude  that  the  pomt  A  i»^  the  aiiAdle,  oc  pomewhat 
above  it* 

^Mch  ties  bo&ne  Ui#  oacioaB  meokaaiaiaa^  ««d  wo  aJ20 
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«§  yet  Tvrjr  far  fiwn  «  seintifie  kmowUdge  or  the  rficttgiii 
of  timber. 

481.  In  the  mean  time,  we  may  derive  from  fbese  ex«> 
perimmls  •f  Bmthn  m  rerj  useful  practical  rul«»  witbout 
relying  ott  atij  Taloe  of  tbe  abeolute  eoheaion  of Mk«  W4 
sea  that  the  fitrength  ia  nearly  aa  the  breadth,  as  the 
ftquare  of  the  deptli,  and  as  the  inverse  of  the  length.  It 
b  moM  eoQYenieot  to  aneasore  the  breidbk  and  deptii  of 
Ibe  beam  in  inches,  and  to  length  an  het  Sfeaea,  thttt,  a 
beam  four  iacImm  sqaare  and  aevea  feet  faetweaa  ike  iup^ 
ports  is  broken  by  5312  pounds,  we  must  coodn^r  that  a 
battett  o9e  ineh  sqoaM,  and  oae  foot  betweea  the  support^ 
will  be  broken  by  581  pounds.  Then  tbe  atrenglhof  any 
oHm*  beam  of  ciik,  or  the  w«igkt  which  wtt  jmt  break  it 

when  boqg  en  Us  middle^  la  581  -j-. 

Bnt  we  hBTe  aeem  that  them  is  %  rmty  amridanihfe^e* 

▼iation  from  the  inverse  proportion  of  the  lengths^  aid  wt 

"  must  cndaaTDor  to  accomoMdate  oar  mie  to  thiadefia- 

^om.    Wefimnd,  thatbyaddinglMBioeidkof  thooA- 

4linates  or  ramfaan  in  the  colaBin  of  the  fr'bcb  ban^ 

mt  had  %  set  of  numbers  varf  nearly  mipmealof  the 

lenglhs;  and  if  w<e  mafca  a  similar  odditiott  to  tlM  pthtr 

«<d«mn8  in  the  proportion  of  the  ciibca  »f  the  sKaaa^  tra 

ha?^  nearly  the  same  result.    The  gtMteat  eiror  (fscept 

to  the  ease  of  experimeats  whtch  are  veiy  irragdbr)  dbei 

fiot  exceed  ^^h  «f  the  whela.    Tberefonii,  £ar  a  ndsesl 

ntinib^,  add  to  the  8316  the  nmohcr  MO,  ivhichiatlo 

1«U  ^rj  teai4y  «a  4>'  to  5««    ISuf  giras  MM.    The 

64th  of  this  is  93,  which  corresponds  to  a  bar  of  00a  iooh 

sfjuere  and  aeren  feet  Xxm^.    Therefore  tS  x  7  w41  be  the 

reeiproeal  «orreapondiag  to  «  bar  of  one  <^t«    Tbia  m 

651.    T«lco  fiom  this  the  preaant  emptrioal  eDcmctioo, 

b  40 
^  which  is  -^,  or.  10,  and  there  remains  041  for  (he 
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strength  of  the  bar.    This  gives  us -for  a  general  rut» 

p  =  661-^  — lOJd*. 

Exxtmpk.  Required  the  weight  necessary  to  break  an 
oak  beam  eight  inches  square  and  20  feet  between  the 

props,ji  =  651x^^  — 10x8x8«.     This  is  11645, 

whereas  the  experiment  gives  11487.  The  error  nsverj 
small  indeed.'  The  rule  is  most  deficient  in  comparison 
with  the  five-inch  bars,  which  we  have  already  said  appear 
stronger  than  the  rest 

The  following  process  is  easily  remembered  by  sucb  6a 
are  not  algebraists. 

Multiply  the  breadth  in  inches  twice  by  the  depth,  and 
call  this  product/  Multiply /by  651,  and  divide  by  the 
length  in  feet;  From  the  quotient  take  10  times/.  The 
remainder  is  the  number  of  pounds  which  will  break  the 
beam. 

We  are  not  suiBciently  sensible  of  our  principles  to  be 
eonfident  that  the  correction  10  /  should  be  in  the  pro- 
portion of  the  section,  although  we  think  it  most  probablcw 
It  is  quite  empirical,  founded  on  Buffon's  experiments. 
Therefore  the  safe  way  of  using  this  rule  is  to  suppose 
the  beam  square,  by  increasing  or  diminishing  its  breadth 
till  equal  to  the  depth.  Then  find  the  strength  by  this 
rule,  and -^  diminish  or  increase  it  f6r  the  change  which 
has  been  made  in  its  breadth.  Thus,  there  can  be  no 
doubt  that  the  strength  of  the  beam  given  as  an  example 
is  double  of  that  of  a  beam  of  the  same  depth  and  half 
the'breadth: 

The  reader  cannot  but  observe  that  all  this  calculation 
relates'  to  the  very  greatest  weight  which  a  beam  wiU 
bear  for  a  very  few  minutes.  Mr  Buffon  uniformly  found 
that  two-tlnrds  of  this  weight  sensibly  impaired  its 
strength,  and  frequently  broke  it  at  the  end  of  two  or 
three  months.    One  half  of  this  weight  brought  tike  beam 
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to  a  certain  bend,  wbich  did  not  increase  after  the  first 
minute  or  two,  and  may  be  borne  bj  the  beam  for  any 
length  of  time.  But  the  beam  contracted  a  bend,  of 
which  it  did  not  recover  any  considerable  portion.  <  One- 
third  seemed  to  bare  no  permanent  effect  on  the  beam^ 
but  it  recovered  its  rectilineal  shape  completely,  «^en 
after  having  been  loaded  several  months,  providj^  that 
the  timber  was  seasoned  when  first  loaded;  that  is  to  say, 
one-third  of  the  weight  wbich  would  quickly  bueak  a  sea- 
soned beam,  or  pne^fourth  ,of  what  would  break  one  just 
felled,  may  lie  on  it  for  ever  without  giving-  the  Jbeam  a 
sett 

We  have  no  detail  of  experiments  on  the  strength  of 
other  kifids  of  timber;  only  Mr  Buffon  says,  that  fir  has 
About  y^^ths  of  the  strength  of  oak ;  Mr  Parent  makes  it 
iSths;  Emerson,  Jds,  &c. 

•  We  have  been  thus  min^e  in  our  ej^apaination  of  the 
meichanism  of  this  transverse  .strain,  because  it  is  the 
greatest  to  which  the  parts  of  our  machines  are  eiq»osed. 
We  wish  to  impress  on  the  minds  of  artists  the  necessity 
of  avoiding  this  as  much  as  possible.  They  are  io^prov- 
ing  in  this  respect,  as  may  be  seen  by  comparing  the 
centres  on  wbich  stone  arches  of  great  span  are  now 
tuned  with  those  of  former  times.  They  were  formerly 
a  load  of  mere  joists  resting  on  a  multitude  of  posts, 
which  obstructed  the  navigation,  and  were  frequently 
losing  their  shape  by  some  of  the  posts  sinking  into  the 
gHNind.  Now  they  are  more  generally  trusses,,  where  the 
beams  abutt  on  each  other,  and  are  relieved  from  transr 
verse  strains.  But"  many  performances  of  eminent  artists' 
are  still  verj^  injudiciously  ezpoeed  to  cross  strains.  We 
may  instance  one  which  is  considered  as  .a  fine  work,  vi2. 
the  bridge  at  Walton  on  Thames^  Here  erery  beam  of 
the  great  aich  is  a  joist,  and  it  hangs  together  by  framing. 
The  finest  piece  of  carpentry  that,  we  have  seen  is  the 
centre  employed  in  turning  iiie  arches  of  the  bridge  i^ 
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OrleMM,  ^kmibed  by  Pcfnuict.  In  ike  whole  liifin;  it 
not  one  erom  Hr&io.  Tlie  beBin,  too,  of  Hornblowef^ 
tfearti-engftie  is  very  sdetitlficafly  constructed. 

4te..  IV.  The  last  species  of  stTBiii  nrhich  we  are  to 
•f«Mtae  IS  that  produced  by  twisting.  This  takes  phM>e 
in*  M^  «xles  which  «onne^  the  working  parts  of  ma- 

AUiottgb  we  cannot  pretend  to  hare  a  Tefy  distinct 
coficeptioti  of  that  modificattott  of  the  cohesion  of  a  body 
by  wfaidi  it  resists  this  kind  of  strain,  we  can  have  no 
doubt  that,  when  Jill  the  particha  act  alike,  the  resistecnce 
must  be  proportional  to  the  number.  Therefore  if  we 
wippose  the  two'  parts  ABCD,  ABF£  Fig.  «♦.  of  the 
body  M'CD  to  be  of  insuperable  strength,  but  coher- 
.ing  more  weakly  in  the  common  surface  AB,  anil 
that  one  part  ABCD  is  pushed  laterally  in  the  directtoa 
AB,  there  can  be  no  doi^  that  it  will  yield  only  there, 
iand  that  the  resistante  wfH  be  proportional  lo  the  s«nr« 
fiice. 

469.  In  like  manner,  we  can  conoeire  a  thin  cylindrf- 
tal  tube,  of  which  EAH  Fig.  tS.  ia  tlie  secttofa,  as  cofaac^ 
Ing  more  weakly  hi  that  section  than  anywhere  else. 
Suppose  it  to  be  grasped  in  both  hands,  and  the  two 
ports  twisted  roimd  the  axis  in  opposite  direcltons,  aar  we 
would  twist  the  two  joints  of  a  flute,  it  is  plain  thai  H 
will  first  fail  in  this  section,  wbidi  is  the  cirettrnfereilce  dt 
a  eircle,  and  the  particles  of  the  two  parts  which  are  con» 
%iguaus  to  this  isireumFerence  will  be  drawn  from  each 
other  laterally.  The  total  resistance  will  be  i»  tfaowmv- 
ber  of  equally  resisting  particles,  that  is,  as  the  drcum* 
ference  (fbr  the  ttrtie  being  supposed  very  thin,  there  ean 
b6  no  senstUe  dtfTcrence  between  the  dilataftioft  of  the 
estternal  and  internal  particles).  We  can  now  suppose 
another  tvbe  within  this,  and  a  third  within  the  seeond, 
and  so  on  tiTt  we  readi  the  centre.  If  l^e  particles  of 
tafch  ring  eai:erted  the  aalM  force  (by  sufRdng  the  MM 
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dihrtAtkm  ia  the  direction  ef  t1)e  elrcumftreHce),  the  re^ 
distance  of  «acli  rin^  of  the  ftectioii  wwiM  be  at  it«  cir- 
cumference ftnd  its  breadth  (supposed  indeffnitdj  small)) 
imd  the  whole  mistance  woald  be  as  the  surface;  and 
this  would  represent  the  resistance  of  a  solid  cyiiuder. 
But  when  a  ojiinder  is  twisted  in  this  manner  b]r  ftu  ex* 
iernal  force  applied  to  its  drcm^rercnce,  the  externiA 
farts  wiH  sufTer  a  greater  circular  extenskHi  than  the  in^ 
ternal ;  and  it  appears  that  this  extension  (like  the  cxten*- 
alon  of  a  beam  strnhied  transversely)  will  be  proportional 
to  the  distance  of  the  particles  from  the  axis.  '  We  ca»- . 
not  my  thmi  this  is  demonsta^abk,  but  we  can  assign  n# 
jproportion  that  is  more  probable.  This  being  the  case^ 
the  forces  simultaneously  cxeAed  by  each  parlKle  wMI  be  * 
uu  its  diitanee  from  tbe  uxis.  Thore4bi«  the  whole  ibcce 
exerted  by  each  ring  wifl  be  m  the  stfuore  ^  its  radius 
ted  the  aceumu}i(ted  force  uctually  exerted  witt  be  os  the 
eofbe  of  tbe  radius;  Ibait  is,  the  aooumulated  force  exerted 
by  the  whole  cylinder^  whose  radius  i^  CA,  is  to  the  ac<- 
eurauhited  ^ree  exerted  «t  ike  $amt  tim  by  the  part  whose 
radius  is  CE,  as  CA'  to  CK'. 

The  whole  cohesion  now  efxeited  is  just  two41iirds  ef 
what  it  would  be  if  idl  the  patticles  were  exerting  the^ 
same  tfttraetrre  forces  which  are  just  new  exeited  by  th^  * 
partides  in  the  cxtemul  •circumference.  This  is  piain  to 
any  person  in  the  kast  familiar  with  the  fIu3(ionary  cal* 
cuius.  But  ^ueh  us  are  not  may  efts8y  see  it  in  this 
■•ray. 

Let  the  rectangle  AC  c  a  Fig.  2S.  be  set  upright  on  the 
vurfuoe,  ef  the  circle  along  the  line  CA,  and  r^olve  round* 
the  axis  C  e.  It  wiU  genenrte  a  cylinder  whose  height  is  €  c 
wr  A  a,  end  having  the  circle  KAH  C^r  ks  base.  If  the  . 
Agonal  C  a  be  supposed  aho  to  tev<4re^  it  {»  plain  that 
<he  triangle  c  C^  wHI  generate  a^ooneof  the  same  heightt 
und  having  lor  its  base  the  dlrc4e  described  by  the  revo. 
Intion  of  c  a^  and  the  point  G  for  its  ape^    The  cyKn* 
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drical  surface  generated  by  A  a  will  express  tfae  wholv 
cohesion  exerted  by  the  circumference  AHK,  and-  the 
cylindrical  surface  generated  by  £  e  will  represent  the 
cohesion  exerted  by  the  circumference  ELM,  and  the 
folid  generated  by  the  triangle  CA  a  will  represent  the 
cohesion  exerted  by  the  whole  circle  AHE,  and  the  cy- 
linder generated  by  the  rectangle  AC  ca  will  repfesent 
the  cohesion  exerted  by  the  same  surface  if  each  jUrticle 
had  suffered  the  extension  A  a.       ' 

Now  it  is  plain,  in  the  first  place,  that  Uie  solid  gene- 
rated by  the  triangle  e  EC  is  to  that  generated  by  a  AG 
as  EC  ^  to  AC  '.  In  the  next  place,  the  solid  gene- 
rated by  a  AC  is  two-thirds  of  the  cylinder,  because  the 
cone  generated  by  c  C  a  is  one^third  of  it. 

484'*  We  may  now  suppose  the  cylinder  twisted  till  the 
particles  in  the  external  circumference  lose  their  cohesion. 
There  can  be  no  doubt  that  it  will  now  be  wrenched 
asunder,  all  the  inner  circles  yielding  in  succession.  Thus  we 
obtain  one  useful  piece  of  information,  viz.  that  a  body  of 
homogeneous  texture  resists  a  simple  twist  with  two-diirds 
of  the  force  with  which  it  resists  an  attempt  to  force  one 
part  laterally  from  the  other,  or  with  one-third  part  of 
the  force  which  will  cut  it  asunder  by  a  square-edged 
tool.  For  to  drive  a  square-edged  tool  through  a  piece 
pf  leadj  for  instance,  is  the  same  as  forcing  a  piece  of  the 
lead  as  thick  as  the  tool  laterally  away  from  the  two 
pieces  on  each  side  of  the  tool.  Experiments  of  this  kind 
do  not  seem  difficult,  and  they  would  give  us  very  useful 
information. 

4«6.  When  two  cylinders  AHK  and  BNO  Fig.  25.  are, 
wrenched  asunder,  we  hiust  conclude  that  the  external 
particles  of  each  are  just  p^t  beyond  their  limits  of  cohe- 
sion, are  equally  extended,  and  are  exerting  equal  forces. 
Hence  it  follows,  that  in  the  instant  of  fracture  the  sum 
total  of  the  forces  actually  exerted  are  as  the  squares  of 
the  diameters. 
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For  drawing  the  ^liagonal  C  e,  itis  ptain  that  E  €,.=  A  a» 
expresses  the  distension  of  the  circumference  EX.M,  an4 
that  the  solid  generated  bj  the  triangle  CE  f,  expresses 
the  cohesion  exerted  by  the  surface  of  the  circle  £LM^ 
when  the  particles  in  the  circumference  aoffer  the  exten- 
^on  £  e  equal  to  A  a.  Now  the  sqlids  generated  bj.CAa 
and  CE  e  being  respectively  two-thirds  of  the  correspondf- 
ing  cylinders,  are  as  the  squares  of  the  diametera. 

486.  Having  thus  ascertained  the  real  strength  of  the 
section,  and  its  relation  to  its  absolute  lateral  atrength. 
Jet  us  examine  its  strength  relative  to  the  external  fprce 
employed,  to  bre^k  it  This  examination  is  very  .simple 
in  the  case  under  consideration. .  The.  straiping  force 
must  act  by  some  lever,  and  the  cohesion  must  oppose  it 
by  acting  on  some  other  lever.  The  centre  of  the  sec- 
tion may  be  the  neutral  point  whose  position  is 'not  dis«' 
turbed, . 

Let  F  be  the  force  exerted  laterally  by  an  exterior  par^ 
tide.  Let  a  be  the  radius  of  the  cylinder,  x  the  inde- 
terminate distance  of  any  circumference,  and  «  the  in* 
definitely  small  interval  between  the  concentric  arches ; 
that  is,  let  x  be  the  breadth  of  a  ring  and  x  its  radius. 
The  forces  being  as  the  extensions,  and  the  extensions  as 
the^distances  from  the  axis,  the  cohesion  actually  exerted 

X  X  - 

at  any  part  of  any  ring  will  bey •    The  force  exerted* 

by  the  whole  ring  (being  as.  the  circumference  or  as  the 
radius)  will  be  / .     The  momentum  of  cohesion  of 

a  ring,  being  as  the  force  multiplied  by  its  lever,  will  be 

*'  X  ,  « 

f .     The  accumulated  momentum  will  be  the  sum 

•'a 

or  fluent  of/ ;  (hat  is,  vfhenx^a,  it  will  be  If ^ 
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487.  H^Ace  -we  kern  that  the  strragtk  «f  an  nie,  by 
^hictf  it  reskts  being  tvrenehed  asunder  hj  a  force  acting 
1^  a  giren  distance  from  the  axis,  is  as  Ibe  cube  of  its 
CnMnexer* 

But  far{her,  }/««  is  ^fu  ■  x  i  «.  NtJir  fa  •  repre- 
aents  the  full  lateral  cohesion  of  the  action.  The  mo^ 
meBtom  therefore  is  the  same  as  if  the  full  lateral  cohe- 
sion were  aecumnlated  at  a  ppint  distant  from  the  axis 
t»3r  ^h  of  the  radius,  w  |th  of  the  diameter  of  the  cylin- 
der. 

Therefore  let  I>*  be  the  nwnber  of  pounds  which  mea- 
<ve«  the  lateral  cohesion  of  a  circular  inch,  d  the  dia* 
-meter  of  the  cjKnder  in  inches,  and  /  the  lengtfi  of  the 
lever  bj  which  the  straining  force  p  is  supposed  to  act^ 

we  shall  have  F  x  {  <i'  ^piy  and  F  gy-  =|>, 

We  see  in  general  that  the  strength  of  an  axle,  hj 
which  it  resists  being  wrenched  asnnder  by  twisting,  is 
as  the  cube  of  its  diameter. 

488.  We  see  also  that  the  intemd  parts  are  not  acting 
so  poweifuUjT  as  the  external.  If  a  hole  be  bored  out  of 
the  axle  of  half  its  diameter,  the  strength  is  diminished 
only  }th,  while  the  quantity  of  matter  is  diminished  ^th. 

>  Therefore  hollow  axles  are  stronger  than  soHd  ones  con^ 
4alning  the  same  quantity  of  matter.  Thus  let  the  dia- 
meter b€i  5  and  that  of  the  hollow  4 :  then  the  diameter 
of  another  sofid  cylinder  having  the  same  quantity  of 
matter  with  the  tube  is  3.  The  strength  of  the  solid  cy- 
linder .of  the  diameter  5  may  be  expi:e8sed  by  5'  or  1S5. 
Of  this  the  internal  part  (af  the  diamettr  4)  txerU  64; 
therefore  the  strength  of  the  tube  is  125—64,  =  6K  But 
the  strength  of  the  solid  axle  of  the  same  quantity  of 
master  and  diameter  8  is  3'^  or  27,  which  is  not  hidf  of 
Ihat  of  the  tube. 

489.  Engineers,  therefore,  have  of  late  introduced  this 
improvement  in  their  machinesj  and  the  ailes  of  cast  iron 
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hare  Ikct  additioDftl  adftmUtge  •€  bebg  mudb  lAiSer,  aiul 
^  afibrdling  mvcb  better  fi&^re  foe  the  flMyM:h«r>  wkieh 
ai^  uied  for  oonaeciitig  them  wilh  the  whecb  <ur  lept9 
hf  wUch  they  are  turned  and  siMined.  The  eoperkurilj 
of  ittcftgth  of  hoUew  tubes  over  solid  cylinders  k  wii^ 
greater  ia  this  kind  of  strain  than  In  the  former  or  trass- 
verse.  In  this  last  caa^  the  strength  of  this  tube  would  . 
ber  to  that  of  tbe  solid  cyUnder  of  equal  fr€^t  aa  61  to 
38^  nearly. 

490.  The  appavatua  whicb  we  Mentioned  m  a  feeiwr 
occasion  for  trying  the  kterai  strength  of  a  aquare  mch 
of  solid  afiaiter,  endbled  us  to  try  Una  theory  of  twist 
with  all  dosirabie  accuracy.  The  bar  which  faiiag  dossa 
from  the  pin  in  the  former  trials  was  now  placed  fa  o 
isotiaontal  position^  and  loaded  with  a  weight  at  the  ex- 
Crtnrity.  Thas  it  acted  as  a  powerM  tover^  and  enabled 
no  to  wrench  aswider  specsoens  of  the  strongest  OMte- 
fials.  Wo  foond  the  renhs  perfcedy  eonfomsable  lb  tbe 
tbeavyy  in  as  far  aa  it  detemiDcd  tbe  proporthiBal 
atcangtb  of  different  sises  and  foms  I  but  m^  IdMd  tbe 
laUo  of  the  resistance  to  twisting  to  the  simple  lateral 
resistance  eonsiderably  difimnt ;  nod  it  was  some  time 
'before  we  disoorered  tbe  cause. 

401.  We  bad  here  taken  the  simplert  view  that  is 
possible  of  the  action  of  oofaesioti  in  resistiag  a'twtsl.  It 
is  frequently  exerted  in  a  rery  different  way.  When,  for 
instance,  aa  iron  axle  is  joined  to  a  wooden  one  by  being 
drirea  into  one  end  of  it,  the  extensions  of  the  dKBRarait 
cirdea  of  particles  are  hi  a  very  difEerent  paoportion.  A 
little  eonairlkration  will  diow  that  the  partieks  in  inunsh 
diaie  contact  with  the^iroa  axle  are  in  &  stata;of  riolent 
extension  ;  so-nre  the  particles  of  the  exterior  surfaoe  of 
the  wooden  pwrt,  and  the  intesmediate  parts  aie  leas 
strained.  It  ia  afasiost  iaapossahie  t»  assign  the  exact  pro- 
portion  of  tbe  Qobens|^  form  extftil  in  the  difffient 
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494  C^Rf  sirr&T  ii  tbi!  art  of  fraipiAg  timber  for  th« 
pttrpoies  of  ushitopt ore,  «Micbi«ery»  and,  ia  general^  for 
aU  coaiidarable  sUructures. 

It  M  not  iateadad  in  tbia  artkk  to  give  a  full  aoeoiuaft 
of  carpentry  aa  mnmhmnicml  art,  or  to  describa  the  .vara* 
oat  ways  af  exacuting  ka  different  worlca,  suited  to  tbe 
variety  of  aaateiiala  aafdoyed»  the  proeeeeei  which  maat 
be  foUowed  for  (aehioaing  aad  fraimaf  tbem  for  our  pur- 
poiei,  and  the  took  iwhiab  aiaet  be  us6d,  and  the  maaaar 
ia  which  they  aiuat  be  bandied:  This  irould  be  an  oo* 
aupation  far  volamea;  and  tbaygb  of  great  iaiportao^et 
mutt  be  entirely  oaiitted  here.  Our  oaly  aim  at  firesent 
wiU  be  ta  deduce,  froai  the  principka  and  laws  aC  aaa* 
chanfca^  and  the  knowledge  which  ejEferieace  and  judi- 
ataus  infcffeacet  from  it  have  given  us  coaoemiag  the 
•atrenglh  of  timber^  ia  relalion  to  the  strain  laid  oo  it, 
Mieh  aiaoums  of  Gonitructiaii  as  will  unite  econotny  .with 
strength  and  id^cy. 

This  object  is  to  be  attained  by  a  knowledge,  Ist^  of 
the  strength  of  oar  materials,  and  of  the  absolute  stfaia 
that  is  to  be  laid  on  them  j  2dly,  of  the  modifications  of 
this  strain^  by  the  place  aad  dtrection  in  which  it  is  ex- 
erted, attd  the  ehanges  that  can  be  made  by  a  proper  dis- 
position  of  the  parts  of  our  structure ;  a^d,  Sdlyj,  baring 
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disposed  t¥erj  piece  in  Mieh  a  HMnner  m  to  (iterire  <bi 
utnoRt  advantage  from  its  rdotive  streogth,  we  must 
know  how  to  form  the  joints  and  Other  ^oniM^oBSj  ia 
sucb  a  Hiamier  as  to  secure  the  advantages  deme^  from 
this  dispositlM. 

49^  Tlik  is  eydently  a  hnmdk  tK  nie«baiiieal  scteneo 
l^hich  makei  «arpeBtr7  ^iAircil  aFt»  eonflt'itiites  part  ^  ttit 
leamnig  of  tiie  EvomeKa,  and  di^ingtiishes  him  from 
tW  workuMus.  Its  httportance  in  att  tmieii  and  stale*  of 
bifil  aocietjr  ie  maiiifest  and*  gr^at.  In  tkut  pf^eseiit  con* 
ditkin  of  these  kingdmli,  rmtfii^  Iff  the  active  ingefiui^ 
and  energy  of  Our  couairyaaen,  to  a  piteli  4>(  prosperity 
and  influenbe  tMefaaSed  in  the  Ustorj  4>f  theT '«r<jrid,  a  ooii« 
iKtaon  mbiA  <onsitita  diieflf  io  the  imperiority  of  our  Wiann- 
faetures,  otlaiiied  by  podigiput  aMiItiplicatlon  of  engihes 
bf  trsaff  deifcri)itidn,  and  far  eferf  speeies  of  labour,  the 
8cif acs  («ote  term  it|  of  earpfiitry  is  of  fattnenee  coiifc 
iequenee.  Wb  regrot  ther0£(>re  ezceediiigiy,  that  nqpe 
of  our  celebrated  artists  haYe  done  honour  to  theaiselfei 
and  tlKir  eountry^  Ibjr  digesfittg  into  a  body  of  donlMcil- 
tiaeiloctriajes  the  nmillt  of  their  great  experience,  stf  Ml 
,  toioroi  a  lytteoi  from  which  their  pupik  as4gfaC4leriv4 
the  first'  piiAoiplea  'Of  their  education,  ttie  ^many  vo^' 
lomes  called  Oobtilsvb  iNrraocvoas,  MAauA£%'  JsitsLs, 
fec.^ake  a  dwdi  fcupaUer  flight,  and  content  thetxis^i^ 
With  instructing  the  mere  workman^  or  eomeHmes  give 
the  master  Imtlder  a  iew  approred  forms  6(  rokifs  and 
other  frandngs,  wHh  the  niles  for  drawing  them  ,orf 
piper;  andfaom  tii^n^^e  Ibntitig'the  Wofktng  draughts 
whiefamast  guide  the  tarn  alid  the  dbisBOl^of  itils  Work-^ 
man.  *  HanUy  any  of  them  ofller  any  tliilig  that  can  be 
ca^ed  a  principle,  .aj^iliicaUe  to- many  partielilir  cases^ 
With  tba.  roles  forfhil  adBptotion^  We  are  indebted  for 
the  ^eatest  pa4  of  aiMt' ktii&fr]»Ag%<^  this  suBject  to  the 
labours  of  literary  men>  vchiefly  foreigners,   who  have 

VOL.  u  ^1 
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pQ^lisl^edm  ttie  memoirs  of  the  le^rnec}  academiies  dmer^ 
tatipna  pn  differeDt  parts  of  what  may  be  termed  the 
9qience  of  carpentfy* 

.496r  The  theory  pf  carpentry  i&;  founded  oii  two  dis- 
tinct portions  of  mechanical  science,  namely,  a  know- 
ledge of  the  strains  tp  which  framings  of  timber  are  ex- 
posed, and  a  knowledge  of  their  relative  strength. 

We  shall  therefore  attempt  to  bring  into  one  point  of 
Tiew  the  propositions  of  mechanical  science  that  are 
more  immediately  applicable  to  the  art  of  carpentry, 'and 
are  to  be  found  in  various  parts  of  this  work,  particularly 
under  Roof  and  Strength  of  Materials,  From  these  pro* 
positions  we  hope  to  deduce  such  princijdes  as  shall 
enable  an  attentive  reader  to  comprehend  distinctly  what 
is  to  be  aimed  at  in  framing  timber,  and  how  to  attain 
this  object  with  certainty :  and  we  shall  illustrate  and 
confirm  our  principles  by  examples  of  pieces  aP  carpen«» 
try  which  are  acknowledged  to  be .  excellent  in  theic 
kind. 

497.  The  most  important  proposition  of  general  me* 
chamts  to  the  carpenter  is  that  which  exhibits  the  com« 
position  and  resolution  of  forces ;  and  we  beg  our  prae- 
Ileal  readers  to  endeavour  to  form  vary  distinct  concep*. 
lions,  of  it,  and  to  make  it  very  familiar  to  their  mind. 
^IVhen  accommodated  to  their  chief  purposes,  it  may  be 
thus  expressed : 

1.  If  a  body,  or  any  part  of  a  body,  be  at  once  pressed 
in  the  two  directions  AB,  AC  (Plate  VI..  fig.  1.),  and  if  the 
intensity  or  force  of  those  pressures  be  in  the  proportion 
of  these  two  lines,  the  body  is  afiTected  in  the  same  man- 
ner as  if  it  were  pressed  by  a  single  force  acting  in  the 
direction  AD,  which  is  the  diagonal  .of  the  parallelograni 
ABDC  formed  by  the  two  lines,  and  whose  intensity  haa 
the  same  proportion  to  the  intensity  of  each  of  the  other 
(iro  .that  AD  has  to  AB  or  AC. 
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Such  of  ourlreftders  as  have  studied  the  UlWs  of  motioD^ 
know  that  this  is  fully  demonstrated.  We  refer  them  to 
the  article  Dynamics^  where  it  is  treated  at  some  lengths 
The  practitioner  in  carpentry  will  get  more  useful 
confidence  in  the  doctrine^  if  he  will  shut  his  book^ 
end  verify  the  theoretical  demonstrations  by  actual  ex* 
perimentff.  They  are  remarkably  easy  and  convince 
ing.  Therefore  it  is  our  request  that  the  artist^  who  is 
not  so  habitually  acquainted  with  the  subject,  do  not 
proceed  further  till  he  has  made  it  quite  familiar  to  his 
thoughts.  Nothing  is  so  conducive  to  this  as  the  ac* 
ttial  experiment ;  and  since  this  only  requires  the  trifling 
expence  of  two  small  pulleys  and  a  few  -yards  of  whip* 
cord,  we  hope  that  none  of  our  practical  readers  will 
omit  it. 

2.  Let  the  threads  A  d,  AF  b,  and  A£  c  (fig.  2.),  hliva 
the  weights  d^  6,  and  c,  appended  to  them,  and  let  twd 
of  the  threads  be  laid  over  the  pulleys  F  and  E«  By  this 
apparatus  the  knot  A  will  be  drawn  in  the  directions  AB^ 
AC,  and  AKk  If  the  sum  of  the  weights  b  and  c  be 
greater  than  the  single  weight  d^  the  assemblage  will  of 
itself  settle  in  a  certain  determined  form ;  if  you  pull  the 
knot  A  out  of  its  place,  it  will  always  return  to  it  again, 
and  will  rest  in  no  other  position.  For  example,  if  the 
thre^  weights  are  equal;  the  threads  will  always  make 
equal  angles,  of  120  degrees  eaeh^  round  the  knot.  If 
one  of  the  weights  be  three  pounds,  another  four,  and  the 
third  five,  the  angle  opposite  to  the  thread  stretched  by 
five  pounds  will  always  be  square,  &c«  When  the  knot 
A  is  thus  in  equilibrio,  we  must  infer,  that  the  action  o£ 
the  weight  d,  in  the  direction  Ad,  is  in  direct  opposition 
to  the  combined  action  of  i,  in  the  direction  AB,  and  of 
c,  in  the  direction  AC.  Therefore,  if  we  produce  dA  to 
any  point  D,  and  take  AD  to  represent  the  magnitude  of 
the  force,  or  pressure  exerted  by  the  weight  d,  the  pres* 
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exerted  en  A  bj  die  weigbte  b  and  c,  in  the  djme« 
tioiw  AB,  AC,  are  ia  faet  eqmYalent  to  a  preasare  actiag 
ib  the  direotioB  AD,  whose  intensity  we  have  represented 
by  AD.  If  we  now  measure  off  by  a  scale  on  AF  and 
A£  the  luies  AB  and  AC,  haTing  the  same  proportioiia 
td  AD  that  the  weigfatai  and  c  ha?e  to  the  weight  d,  and 
if  we  draw  BB  and  DC,  we  shaU  find  DC  to  be  equal 
and  parallel  to  AB,  aad  Dfi  equal  and  parallel  to  AC ; 
io  that  AD  is  the  diagonal  of  a  parallelogram  ABDC. 
We  0hall  find  this  always  to  he  the  case,  whatever  are  the 
weights  made  use  of;  only  we  miist  take  care  that  the 
weight  wbieh  we  cause  to  ad  without  the  interventkm  of 
a  puUey  be  less  than  the  sum  of  the  other  two :  if  tanf 
one  of  tbe  wesghta  exceeds  the  aum  of  :the  other  two^  it. 
will  prevail,  and  drag  them  along  with  it. 

Mow,  since  we  know  that  the  weight  d  would  just  ba- 
lance an  equal  weight  gr,  pulling  directly  upwards  by  the 
intervention  of  the  jMiUey  G ;  and  mce  we  see  that  it 
just  balanceathe  weights  b  and  c,  acting  in  the  directions 
AB,  AC,  we  must  inftr,  that  the  knot  A  is  aSeeted  in 
the  same  manner  by  those  two  weights,  or'by  the  single 
weight  g*;  and  thesefbre,  that  tmo  pre09ur€8j  asitUKg  in  Ac 
direcHtmi^  end  mth  the  iniemtdHUf  AB,  AC,  arv  eqmvaletd 
to  a  $ingle  frt$9UPe  having  the  dirtUion  and  pr9portioH  iif 
A!X  In  like  mannor,  the  preosures  AB,  AK,  are  equiva"- 
lent  to  AH,  whidi  is  equal  and  >opposite  to  AC.  Also 
AE  and  AC  ape  equivalent  to  AI,  which  is  equal  and  o|^ 
posite  to  AB. 

498.  We  'Shall  consider  thb  combination  of  pressures  a 
little  more  particularly. 

Suppose  an  upright  beam  BA  Fig.  S.  pushed  in  the 
dii*eetion  of  its  length  by  a  load  B,  and  dbutting  on  the 
ends  of  two  beams  AC,  AD,  which  are  firmly  resisted  at 
their  extreme  points  C  and  D,  which  pest  on  two  Uocks^ 
but  are  nowise  joined  to  them:  these  two  beams  canx&- 
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t/tst  M  wajr  but  ill  the  direetion*  C  A,  DA ;  and  thiereferif 
tfie  presMifi^s  wbieh  thejr  su0liiiii  frmt  the  bcann  BA  afi^ 
in  the  directions  AC,  AD.  We  wieb  to  kne^  hmt  muchf 
each  ffusltftns  ?  Ttaduce  BA  to  E,  talriiig  Afi  from  a 
acate  df  equal  parti,  to  repreaeiit  the  nMibef  of  toMer 
pofffids  hj  which  BA  is  pressed.  Dravi^  Et  atid  £d 
parallel  to  AD  and  AC ;  then  AF,  meMured  on  the  sasiMi 
scale,  will  give  us  the  number  of  pounds  hj  which  AC 
in  strained  or  crushed,  and  AG  win  give  the  strain  oa. 
AD. 

'  It  deserves  particular  remark  here,  that  tlie  length  Mf 
AC  or  AD  has  no  influence  on  the  strain,  arising  fronr 
fhe  thrust  of  BA,  while  th^  cHreetions  remain  the  satn^. 
The  effects,  however,  of  this  strain  are  modified  bjr  the 
fengfh  of  the  piece  on  whtcfa  it  is  exerted.  This  strain 
compresses  the  beam,  and  will  therefore  con^press  a  beaDd 
of  dottble  lengtb  twice  as  much.  This  mtfjr  change  tbtf 
form  of  the  assemblage.  If  AC,  for  example,  be  very^ 
much  shorter  than  AD,  it  i^ilT  be  mtich  less  compressed  f 
The  line  CA  will  turn  about  the  centre  C,  while  DA  will 
harSlf  change  its  position ;  and  the  angle  dAJ)  will  gro^ 
more  open,  the  point  A  sinking  down.  Tbe  artist  will 
ftnd  it  of  great  consequence  to  paj  i  very  miinfte  atten-' 
iion  to  this  circumstance,  and  to  be  able  to  see  desHy  the 
change  of  shape  which  aecessarily  results  from  these  mu-i 
tual  strains.  He  will  see  in  this  the  cause  of  failure  inr 
many  very  great  works.  By  thus  dhanghig  shape,  strains 
are  often  produced  in  places  where  there  were  none  hfe-' 
fore,  and  frequently  of  the  very  worst  kind,  tending  to 
break  the  beams  across. 

The  dotted  fines  of  this  figure  shew  another  position 
6f  the  beam  AD'.  This  makes  a  prodigious  change,  noi 
only  in  the  strain  on  AD',  bot  idso  iir  that  on  AC.  tioth 
of  them  are  much  increased ;  AG  is  almost  ctouUed,  and 
AF  is  four  times  greater  than^  before.    This  addition  waa 
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Biode  to  the  6gui^  to  shew  what  endrmous  straine  mi^ 
.  be  produced  by  a  very  moderate  force  AE,  when  it  i« 
exerted  on  a  very  obtuse  angle. 

^  The  4th  and  5tb  figures  will  assist  the  most  uninstnict*. 
ed  reader  in  conceiving  how  the  very  same  strains  AF» 
AG}  are  laid  on  the^e  beams,  by  a  weight  simply  hang*- 
ing  froD^.  a  billet  resting  on  A,  pressing  hard  on  AD,  and 
elfio  leai>iog  a  Uttle  on  AC  ;  or  by  an  up)[*ight  piece  AE^ 
jo^ggled  on  the  two  beams  AC,  AD,  and  performing  the 
office  of  an  ordinary  king-post.  The  reader  will  thus  learn 
ip>,  pall  off  his  attention  from  the  means  by  which  the 
i|trains  are  produced,  and  learn  to  consider  them  abstract* 
ediy,  merely  as  strains,  in  whatever  situation  he  finds 
them,  and  from  whatever  cause  they  arise. 

We  presume  that  every  reader  will  perceive,  that  the 
proportions  of  these  strains  will  be  precisely  the  same  if 
every  thing  be  inverted,  and  each  beam  be  drawn  or  pull- 
ed in  the  opposite  direction.  In  the  same  way  that  we 
have  substituted  a  rope  and  weight  in  Fig.  4.  or  a  king- 
post in  Fig.  5.  for  the  loaded  beam  B A  of  Fig.  3.  we  might 
have  substituted  the  framing  of  Fig.  6.  which  is  a  very 
usual  practice.  In  this  framing,  the  batten  DA  is  stretch- 
ed by  a  force  AG,  and  the  piece  AC  is  compressed  by  a 
force  AF.  It  is  evident,  that  we  may  employ  a  rope,  or 
^  iron  rod  hooked  on  at  D,  in  place  of  the  batten  DA^ 
^d  the  strains  will  be  the  same  as  before. 

This  seemingly  simple  matter  is  still  full  of  instruction; 
and  we  hope  that  the  well  informed  reader  will  pardon 
ys,  though  we  dweU  n  little  longer  on  it  for  the  sake  of 
the  young  artist 

By  chan^g  the  form.of  this  framing,  as  in  Fig.  7.  we 
produce  the  same  strains  as  in  the  disposition  represented 
by  the  dotted  lines  in  Fig.  3.  The  strains  on  both  the 
battens  AD,  .AC,  are  now  greatly  increased. 

The  same  consequences  result  from  an  improper  change 
of  tbe  portion  of  AC    If  it  is  placed  as  in  Fig.  8,  tho 
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strains  on  both  are  vastly  increased.  In  short,  the  rule  is 
general ;  that  the  more  open  we  make  the  angle  against 
which  the  push  is  exerted,  the  greater  are  the  strains 
which  are  brought  on  the  strutts  or  ties  which  form  the 
sides  of  the  angle. 

The  reader  may  not  re'adily  conceive  the  piece  AC  of 
Fig.  8.  as  sustaining  a  compression  ;  for  the  weight  B  ap- 
pears to  hang  from  AC  as  much  as  from  AD.  But  his 
doubts  will  be  removed  bj  considering  whether  he  could 
employ  a  rope  in  place  of  AC.  He  Cannot :  But  AD  may 
be  exchanged  for  a  rope.  AC  is  therefore  a  9trutt,  and 
not  a  tie. 

In  Fig.  9.  AD  is  again  a  stnitt,  butting  on  the  block  D, 
and  AC  is  a  tie :  and  the  batten  AC  may  be  replaced  by  a 
rope.  While  AD  is  compressed  by  the  force  AG,  AC  is 
ktretched  by  the  force  AF. 

If  we  give  AC  the  position  represented  by  the  dotted 
lines,  the  compression  of  AD  is  now  AG',  and  the  force 
stretching  AC  is  now  AF' ;  both  much  greater  than  they 
were  before.  This  disposition  is  analogous  to  Fig.  8.  and 
to  the  dotted  lines  in  Fig.  S.  Nor  will  the  young  artist 
have  any  doubts  of  AC  being  on  the  stretch,  if  he  con- 
sider whether  AD  can  be  replaced  by  a  rope.  It  cannot^ 
but  AC  may;  and  it  is  therefore  not  compressed,  but 
stretched. 

In  Fig.  10.  all  the  three  pieces,  AC,  AD,  and  AB,  are 
ties,  on  the  stretch.  This  is  the  complete  inversion  of 
Fig.  3. ;  and  the  dotted  position  of  AC  induces  the  same 
changes  in  the  forces  AF',  AG',  as  in  Fig.  3. 

Thus  have  we  gone  over  all  the  varieties  which  can 
happen  in  the  bearings  of  three  pieces  on  one  point.  All 
calculations  about  the  strength  of  carpentry  are  reduced 
to  this  case :  for  when^  more  ties  or  braces  meet  in  a  point 
(a  thing  that  rarely  happens),  we  reduce  them  to  three, 
by  iBubstituting  for  any  two  the  force  which  resulCs  from 
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their  combinatiop,.  and  then  combmin|[  this  witii  another; 
and  80  Qp* 

The  young  actist  must  be  particularly  careful  not  to 
mistake  the  kind  of  strain  that  is  exerted  on  any  piece 
of  the  framing,  and  suppose  a  piece  to  be  a  brace  which 
is  really  a  tie.  It  is  very  easy  to  avoid  all  mistakes  in 
this  matter  by  the  following  rule,  which  has  no  excep- 
tion. ^ 

499.  Take  notice  of  the  direction  in  which  the  piece 
acts  from  which*  the  strain  proceeds.  Draw  a  line  in  that 
direction  from  the  point  oh  which  the  strain  is  exerted ; 
and  let  its  length  (measured  on  some  scale  of  equal  parts) 
express  the  magnitude  of  this  action  in  ponnds^  hundreds, 
or  tons.  From  its  remoU  extremity  draw,  lines  parallel  to 
the  pieces  on  which  the  strain  b  exerted.  The  line  pa- 
rallel to  one  piece  will  necessarSy  cut  tlie  otker,  or  its 
direction  produced :  If  it  cut  the  piece  itself,  that  piece  is 
compressed  by  the  strain^  and  it  is  performing  the  office 
of  a  strutt  or  brace:  if  it  cut  its  direction  produced^  the 
piece  is  stretched,  and  it  is  a  tie*  In  shorty  the  strains  on 
the  pieces  AC,  AD,  are  to  be  estimated  in  the  direction 
of  the  points  F  and  G  from  the  strained  point  A.  Thus^ 
in  Fig.  3.  the  upright  piece  BA,  loaded  wixb  the  weight 
B,  presses  the  point  A  in  the  direction  A£:  so  does  the 
rope  AB  in  the  other  figures,  or  the  batten  AB  in  Fig.  5« 

In  general,  if  the  straining  piece  is  within  tlte  angle 
formed  by  the  pieces  which  are  strained,  the  strains  which 
they  sustain  are  of  the  opposite  kind  to  that  which,  it  ex^ 
erts.  If  it  be  pushing,  they  are  drawing;  but  if  it  be 
within  the  angle  formed  by  their  directions  produced^  the 
strains  which  they  sustain  are  of  the  same  kind*  AH  the 
three  are  either  drawing  or  pressing  If  the  straining 
piece  lie  within  the  angl^  formed  by  one  piece  and  the 
produced  direction  of  the  other,  its  own  strain,  whether 
compression  or  extension,  is  of  the  same  kind  with  that 
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«f  tbempst  j'MiDte 0f  tibe  otbet  two»  md  0pft^€  !•  that 
af  tbe  nearHt.  Tku9,  m  Fig^  9.  whe^e  AB  is  ^ravriR^ 
the  refiMte  pkee  AC  i^  also  drawiitg*  whU^  AJD  u  pualw 
iBg  or  reBisiiag  cenprtsitoiK 

In  all  that  has  been  said  on  this  sabjset,  we  hare  not 
spoken  of  any  joints.  In  the  cdculattons  with  which  we 
are  occupied  at  present^  tbe  resistanoe  o£  joints  ba»  no 
share  (  and  we  must  not  suppose  that  they  exert  av^  Cntso 
which  teade  to  prevent  the  angles  from  changiag.  Tfai^ 
joints  aare?  aupfiosed  perfectly  flexible^  of  tef  be  like  com* 
pass  joints  ^  the  pin>  of  wkicb  only  keeps  the  pieees  toge« 
tber  when  one  or  more  of  the  p ieee»  drawa  or  pulb.  The 
0arpentflr«Miat:<alway&  suppose  theni  aU  eempaiss  jcAots, 
when  bo  cnicalates  the  thrusts  and  dirauf  bts  of  tbe  diflel^ 
eqt  piecea  #£  hia  frames*  The  atrailM  ooi  joinlai,  and  theiK 
pow^r  to-  yiiodttce  or  balaneo  theUy  are  of  a  diflferent  kind« 
and  re<|uire  a  very  different  eajpamuHitionv 

5pp.  Seeing  thai  the  angles  wbieh  the  piecea  n^dce  widi 
faeh  other  are  of  such  knportaiiee  to  the  magailiide  arid 
the  proportion  of  the  excited  strains,  it  is  proper  to  find 
wM,  some  way  of  readily  and  compendiottsly  conceiting 
and  expressing  diis  alialogyt 

la  g^aerali  the  strain  on  any  piece  is  propoftionel  to 
the  aCraitfing  ferpOi  This  i^  evident. 
.  Secondly,  thi»  strain  oi^  any  piece  AC  ia  proppitionai  to 
the  siive  of  the  angle  wbich  the  straining  force  makes  with 
the  other  piece  directly,  and  to  the  sine  of  the  angle  which 
the  piec^  make  with  each  other  inversely* 

iPo^  it  is  plain,  that  the  three  pressures  AE,  AFy  and 
^Qp  whiph  are  exerted  at  the  point  A,  are  i«  tbe  pn^ 
portion  of  the  Uaea  AE>  AF,  andF£»  (beCM|seF£i« 
e^ial  to  AG).  But  becouse  the  sides  of  a  triangle  a^ 
proportional  to  the  sinea  of  the  opposite  anglea«  the 
straiaa  are  proportional  Iq  the  sines  of  the  angles  AFE^ 
AEF,  and  FA£.  Bui  tbe  sino  of  AF£.  is  the  same  wilk 
the  sine  of  the  angle  CAP,  which  the  two  piecea  AC  m4 
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AD  make  irith  eaeh  other ;    and  the  sine  oF  AEF  £f 

the  same  with  the  sine  of  EAD,  which  the  straining 

piece  BA  makes  with  the  piece  AC.    Therefore  we  have  ' 

this  analogy,  Sin.  CAD  :  Sin.  BAD  =  A£  :  AF,  and 

*x,      .^     Sin  B-*T)     ^T        1      .        ..        , 
AF  =  AE  X  ^, — pTn'    ^^^  ^"®  ^^^^  ^^  angles  are  most 

conveniently  conceived  as  decimal  fractions  of  the  radius, 
which  is  considered  as  unity.  Thus,  Sin.  30®  is  the  same 
thing  with  0.5,  or  i ;  and  so  of  others.  Therefore,  to 
have  the  .strain  on  AC,  arising  from  any  load  AE  acting 
in  the  direction'  AE,  multiply  AE  by  the  sine  of  £AI>^ 
and  divide  the  product  by  the  sine  of  CAD. 

This  rule  shews  how  great  the  strains  must  be  when 
the  angle  CAJ)  becomes  very  open,  approaching  to  180 
degrt^es.  But  when  the  angle  CAD  becomes  very  small, 
its  sine  j[ which  is  our  divisor)  is  also  very  small;  and  we 
should  expect  a  very  great  quotient  in  this  case  also.  But 
we  must  observe,  that  in  this  case  the  sine  of  EAD  is 
ftlso  very  small ;  and  this  is  our  multiplier.  In  such  a 
case,  the  quotient  cannot  exceed  unity. 
'  But  it  is  unnecessary  to  consider  the  calculation  hj 
the  tables  of  sines  more  particularly.  The  angles  are 
aeldbm  known  any  otherwise  but  by  drawing  the  figure 
of  the  frame  of  carpentry.  In  this  case,  we  can  always 
obtain  the  measures  of  the  strains  from  the  same  scale^ 
with  equal  accuracy,  by  drawing  the  parallelogram 
AFCG, 

601.  Hitherto  we  have  considered  the  strains  excited 
at  A  only  as  they  affect  the  pieces  on  which  they  are  ex« 
erted.  But  the  pieces,  in  order  to  sustain,  or  be  subject 
to  any  strain,  must  be  supported  at  their  ends  C  and  D ; 
and  we  may  consider  them  as  mere  intermediums,  by 
which  these  strains  are  made  to  act  on  those  points  of 
.support :  Therefore  AF  and  AG  are  also  measnres  of 
the  forces  which  press  or  pull  at  C  and  D.  Thus  we 
learn  the  supports  which  must  be  found  for  these  points* 
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'Tli^WiMy  be'infinlteljTarious,  We  shall  attend  onlj 
to  such  as  somehow  depend  on  the  framing  itself/ 

Mi.  Such  a  stcocture  as  Fig.  11.  Terj  frequentlj  oor 
curs,  where  a  beam  BA  is  strongly  pressed  to  the  end  of 
another  beam  ADj  which  is  prevented  from  yielding,  both 
because  it  lies  on  another  beam  HD^  and  because  its  end 
D  is  hindered  from  sliding  backwards.'  It  is  indifferent 
finmi.  what  this  pressure  arises :  we  have  represented  it  as 
awiiig  to  a  weight  hung  on  at  B,  while  B  is  withheld 
from  yielding  by  a  rod  or  rope  hooked  to  the  wall.  The 
beam  AD  may  be  supposed  jrt  full  liberty  to  exert  all  its 
pressure  on  D,  as  if  it  were  supported  on  rollers  lodged  in 
Ih^  beam  HD ;  but  the  loaded  beam  BA  presses  both  oh 
tbe<^eam  AD  and  on  HD.  We  wish  only  to  know  whal 
sttaift  is  bofne  by  AD  ? 

AU  'bodies  act  on  each  other  in  the  direction  perpen« 
^ycnlar  to  their  touching  surfaces ;  therefore  the  support 
given  by  HD  is  in  a  direction  perpendicular  to  it  We 
may  therefore  supply  its  place  at  A  by  a  beam  AC,  per* 
pendicular  to  HD,  and  firmly  supported  at  C.  In  thia 
case,  therefore,  we  may  take  A£  as  before,  to  represent 
the  pressure  exerted  by  the  loaded  beam,  and  draw  E6 
perpendicular  to  AD,  and  £F  parallel  to  it,  meeting  the 
peipendicular  AC  in  F.  Thra  AG  is  the  strain  com« 
pressing  AD,  and  AF  is  the  pressure  on  th^  beam  HD. 

503.  It  may  be  thought,  that,  since  we  assume  as  a 
principle  that  the  mutual  pressures  of  solid  bodies  are  ez- 
ertbdr' perpendicular  to  their  touching  surfaces,  this  ba- 
lance of  pressures,  in  framings  of  timbers,  depends  on  the 
directions  of  their  butting  joints :  but  it  does  not,  as  will 
readily  appear  by  considering  the  present  case.  Let  the. 
joint  or  abutment  of  the  two  pieces  BA,  AD,  be  mitred, 
in  the  usual  manner,  in  the  direction /A/'.  Therefore, 
if  A  e  be  drawn  perpendicuhur  to  A/,  it  will  be  the  dv- 
rection  of  the  actual  pressure  exerted  by  the  loaded  beam 
SA  on  the  beam  AD.    But  the  reaction  of  AD^  in  tho 
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opposite  difedCmii  A  f,  vUl  itot  UbMI  the  pramre  iiT 
BA ;  becaose  it  is  iMt  in  the  direction  precisely  optiositftj 
BA  wiH  therefore  slide  along  the  joinl»  and  press  on  the 
beam  HD.  A£  represents  the  load  om  the  miire  joint  A. 
Draw  Ee  perpendicular  to  Ae,.  and  E/  paraUel  to  iL 
The  pressure  AE  will  he  ludanced  by  the  reactions  c  A 
and  /  A :  or^  the  pressure  AE  produces  the  pressurea  A  k 
and  A/;  of  which  A/  must  be  resisted  bjr  the  beam 
HD,  and  A  e  by  the  beam  AD.  The  pressure  A/  noi 
being  perpendicular  to  HD,  cannot  be  fulfy  resisted  b^ 
it ;  because  (bj  our  assumed  priaetple)  it  reacts  only  til 
a  direction  perpendicular  to  its  surface.  Therefore  dnne 
ff,  ft  paraUel  to  HD,  and  perpendfcular  to  k.  The 
pressure  A/  will  be  resisted  by  HD  with  the  foiue^ Aj 
but  there  b  required  another  force  <  A,  ta  pvevat  the 
beam  BA  from  slipping  outwards.  This  nrast  be  imv 
nished  by  the  reaction  of  the  beam  DA.  In  like  iiwiniiifj 
the  other  force  A  e  cannet  be  fuOy  resisted  bjf  tfafe  beam 
AD,  or  rather  by  the  prop  D,  acting  by  the  iflterv<ention 
of  the  beam ;  for  the  action  of  that  prop  is  el:erted  thsM^h 
the  beam  io  the  diitction  DA«  The  beam  AD,  therefarr^ 
is  pressed  to  the  beam  HD  by  the  force  A  c,  as  well  lis 
by  A/  To  fiid  whAt  thts  pressure  on  HD i^  draw  eg 
perpendicular  to  HD,  and  eo  paralkl  to  it,  (Sutfing  £0 
in  r.  The  forces  g  A  and  p  A  witt  resist,  and  balaace 
Ae« 

Thus  we  see,  that  the  two  forces  A  e  end  A/  whiek 
are  equivale&t  to  AE,  are  equiralent  also  to  A  ji,  A  h 
A  o,  and  A  g*  But  because  A/  and  e  £  are  equal  and 
parallel,  and  £  r  and/ 1  are  also  parallel^  as  also  e  r  and 
fpj  it  is  evident,  that  if  is  equal  to  r  E;  or  to  o  F,  and 
t  A  is  equal  to  r  e,  or  to  Gg.  Therefore  the  four  forces 
A  g-,  Ao,  Ap,  A  t,  are  equal  to  AG  and  AF.  Conse* 
quently  AG  is  the  compression  of  the  beam  AD,  or  the  force 
pressing  it  en  I^  and  AF  is  the  force  pressing  it  on  the 
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betm  HD.    The  pvopeition  of  tbese  prenures^  Uierefinre, 
k  mot  tffedJoi  by  the  fonn  of  the  joint. 

'  This  remark  is  important ;  far  many  carpenters  think 
the  £oana  and  direotion  of  the  hotting  joint  of  great  im- 
portance ;  and  eren  the  theorist,  hj  not  prosecuting  the 
genecid  prinoiple  through  off  its  consequences,  may  be  led 
into  an  error.  The  form  of  the  joint  is  of  no  import^ 
ance,  in  as  fin*  as  it  affects  the  strains  in  the  direction  of 
the  beams ;  hut  it  is  often  of  great  consequence,  in  re- 
spect to  its  own  fimmess,  and  the  effect  it  may  have  in 
braising  the  piece  on  which  it  ads,  or  being  crippled  by 
it 

£0i.  The  same  compression  of  AB,  and  the  sMoe 
thrust  on  the  point  D  by  the  intenrention  of  AD,  wiU 
obtain,  in  whatc^r  way  the  original  pressure  on  the  end 
A  is  prodluced.  Thus  supposing  that  a  chord  is  made 
fast  at  A,  and  puUed  in  the  direction  A£,  and  with  the 
same  force,  the  beam  AB  wili  be  equaHy  compressed, 
and  the  prop  J)  must  react  with  the  same  force. 

But  it  often  happens  that  the  obliquity  of  the  pres^ 
flure  on  AD,  instead  of  compressing  it,  stretches  it ;  and 
we  desire  to  know  what  tension  it  sustains.  Of  this  we 
have  a  familiar  example  in  a  common  roof.  Let  the  two 
rafters  AC,  AD  Fig.  IS.,  press  on  the  tie-beam  DC.  We 
may  suppose  the  whole  weight  to  press  vertically  on  the 
ridge  A,  as  if  a  weight  B  were  hung  on  there.  We 
may  represent  this  weight  by  the  portion  A  6  of  the 
vertical  or  |^mb  line,  intercepted  between  the  ridge  and 
the  beam.  Then  drawing  b  f  and  bg  parallel  to  AD 
and  AC,  A  g  and  A/  wUI  represent  the  pressures  on 
AC  and  AD.  Produce  AC  till  CH  be  equal  to  A/  The 
point  C  is  forced  out  in  this  direction,  and  with  a  force 
represented  by  this  fine  As  this  force  is  not  perpendi. 
culariy  across  the  beam,  it  evidently  stretches  it;  and 
this  extending  force  must  be  withstood  by  an  equal  force 
pdling  4t  in  the  if>posite  direction.    This  must  arise  from 
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a  similar  oblique  thrust  of  the  opposite  rafter  on  tti4- 
other  end  D.  We  concern  ourselves  only  with  this  e%^ 
tension  at  present ;  but  we  see  that  the  cohesion  of  the 
beam  does  nothing  but  supply  the  balance  to  the  extend^ 
ing  forces.  It  must  still  be  supported  exteraaHy^  that  it 
may  resuty  and,  by  resisting  obliquely,  be  stretched* 
The  points  C  and  D  are  supported  on  the  walls,  which 
they  press  in  the  directions  CK  and  DO,  parallel  to  A  b. 
If  we  draw  tIK  parallel  to  DC,  and  HI  parallel  to  CK 
(that  is,  to  A  i),  meeting  DC  produced  in  I,  it  follows 
from  the  composition  of  forces,  that  the  point  C  would 
be  supported  by  the  two  forces  EC  and  IC.  In  like 
manner,  making  DNsAg*,  and  completing  the  paral- 
lelogram DMNO,  the  point  D  would  be  supported  by  the 
forces  OD  and  MD.  If  we  draw  g  o  and/  k  parallel  to 
DC,  it  is  plain  that  they  are  equal  to  NO  and  CK,  while 
A  o  and  A  k  are  equal  to  DO  and  CK,  and  A  &  is  equal 
to  the  sum  of  DO  and  CK  (because  it  is  equal  to 
A  0  +  A  iSc.)  The  weight  of  the  roof  is  equal  to  its  yer« 
tical  pressure  on  the  walls. 

Thus  we  see,  that  while  a  pressure  on  A,  in  the  direc* 
tion  A  i,  produces  the  strains  AJTand  Agj  on  the  pieces 
AC  and  AD,  it  also  excites  a  strain  CI  or  DM  in  the 
piece  DC.  And  this  completes  the  inechanism  of  a 
fratjoie ;  for  all  derive  their  efficacy  from  the  triangles  of 
which  they  are  composed,  as  will  appear  more  clearly  as 
we  proceed. 

505.  But  there  is  more  to  be  learned  from  this.  The 
consideration  of  the  strains  on  the  two  pieces  AD  and 
AC,  by  the  action  of  a  force  at  A9  only  shewed  them 
as  the  means  of  propagating  the  same  strains  in  their  owo 
direction  to  the  points  of  support.  B^it,  by  adding  the 
strains  exerted  in  DC,  we  see  that  the  frame  becomes  an 
intermedium,  by  which  exertions  m^y  be  made  on  other 
bodies,  in  certain  directions  and  proportions ;  so  that  thit 
'   frame  may  become  par(.pf  a  more  complicated  one^  and;. 
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as  it  were,  an  ekment  of  iU  constitutioii.    It  is  wortk 
while  to  ascertain  the  proportion  of  the  pressures  CE  and 
DO,  which  are  thus  exerted  on  the  walls.     The  simi* 
'  larity  of  triangles  gives  the  following  analogies : 

DO:DM  =  A6:6D 
CT,  or  DM  :  CK  =  C  i  :  A  6 
Therefore  DO  :  CK  =  C  i  :  i  D.  , 

Or,  the  pressures  on  the  points  C  and  D,  in  the  direction  of 
the  straining  force  A  &,  are  reciprocally  proportional  to  the 
portions  of  DC  intercepted  by  Ab. 

Also,  since  A  i  is  =  DO  +  CK,  we  have 
A  J  :  CK  =  C6  +  6  D  (or  CD)  :  b  D,  and 
A6:D0  =  CD:JC. 

In  general,  any  two  of  (he  three  parallel  forces  A  b^ 
DO,  CE,  are  to  each  other  in  the  reciprocal  proportion 
of  the  parts  of  CD,  intercepted  between  their  directions 
and  the  direction  of  the  third. 

And  this  explains  a  still  more  important  oiBce  of  the 
frame  ADC.  If  one  of  the  points,  such  as  D,  be  sup- 
ported, an  external  power  acting  at  A,  in  the  direction 
A  6,  and  with  an  intensity  which  may  be  measured  bj 
A  b,  may  be  set  in  equilibrio,  with  another  acting  at  C^ 
in  the  direction  CL,  opposite  to  CE,  or  A  &,  and  with 
an  intensity  represented  by  CE :  for  since  the  pressure 
CH  is  partly  withstood  by  the  force  IC,  or  the  firmness 
of  the  beam  DC  supported  at  D,  the  force  EC  will  com- 
pile the  balance.  When  we  do  not  attend  to  the  sup- 
port at  D,  we  conceive  the  force  A  6  to  be  balanced  by 
EC,  or  EC  to  be  balanced  by  A  b.  And,  in  like  roan* 
ner,  we  may  neglect  the  support  or  force  acting  at  A^ 
and  consider  the  force  DO  as  balanced  by  CE. 

506.  Thus  our  frame  becomes  a  lever,  and  we  are  able 
to  trace  the  interior  mechanical  procedure  which  gives  it 
its  e£Eicacy :  it  is  by  the  intervention  of  the  forces  of  co« 
hesion^  Vbich  connect  the  points  ta  which  the  external 
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4orce$  are  applied  with  the  8U{qxirted  point  9t  ftiicniai^ 
and  with  each  other. 

These  strains  or  pressures  A  i,  DO^  and  CE^  Hot  be* 
ing  in  th^  directtiHis  of  the  beamsy  m^jbe  called  irumm^ 
verse.    We  see  that  by  ih^ir  means,  a  frame  of  carpentiy 
may  be  considered  as  a  solid  body:  but  th«  example 
which  brought  this  to  our  view  is  top  limited  for  ex- 
plaining the  efficacy  which  may  be  given  to  such  con- 
structions.   We  shall  therefore  give  a  general  proposi- 
tion, which  will  more  distinctly  explain  the  procedure  of  ^ 
nature^  and  enable  us  to  trace  the  strains  as  they  are  pro- 
pagated through  all  the  parts  of  the  most  complicated 
framing,  finally  producing  the  exertton  of  its  most  dis- 
tant points. 

60T.  We  presume  that  the  reader  is  now  pretty  well 
habituated  to  the  conception  of  the  strains  as  they  are 
propagated  dong  the  lines  joining  the  points  of  a  frame^ 
and  we  shall  therefore  employ  a  rery  simple  fignre. 

Let  the  strong  lines  ACBD  Fig.  13.  represent  a  fraraef 
of  carpentry.  Suppose  that  it  is  piilled  at  the  point  A  by 
a  force  acting  iii  the  direction  AE,  hot  that  it  rests  on  a 
fixed  point  C,  and  that  the  other  extreme  point  B  is  held 
back  by  a  power  which  resists  in  the  directiofl  BF :  It  is 
required  to  determine  the  proportion  of  the  strains  ex^* 
cited  in  its  different  parts^  the  proportion  of  the  external 
pressures  at  A  and  B,  and  the  pressure  which  is  produced 
on  the  obstacle  or  fulcrum  C  f 

It  is  evident  that  each  of  the  external  forces  at  A  and 
B  tend  one  way,  or  to  one  side  of  the  frame,  and  that 
each  would  cause  it  to  turn  round  C  if  the  other  did  not 
prevent  it;  and  that  if,  notwithstanding  their  action,  it 
is  turned  neither  way,  the  forces  in  actual  exertion  are 
in  equilibrio  by  the  intervention  of  the  frame.  It  is  no 
less  evident  that  these  forces  concur  in  pressing  the  frame 
on  the  prop  C.  Therefore,  if  the  piece  CD  were  away, 
and  if  Uie  joints  C  and  D  be  perfectly  flexible,  the  pieces 
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GA5  CB  woiilci  be  turned  roun4  the  prop  C,  and  the 
pieces  AD,  DB  would  abotuni  with  tfaetn^  and  the 
wkele  frame  change  its  form.  This- she ws»  bj  the  way* 
and  we  desire  it  to  be  carefuUj  kept  in  mind,  that  the 
finpnesi  dr  stiffness  of  framing  depends  entirely  on  the 
triangles  bounded  by  beams  which  are  contained  in  it» 
An  open  quadrilateral  may  always .  change  its  shapc!^  the 
Sides  revolving  round  the  angles.  A  quadrilateral  may 
hare  an  infinity  of  formsi  without  any  cbange  of  its  sides^ 
by  merely  pushing  two  opposite  angles  tovirards  each 
6ther»  or  drawing  them  asundei:.  But  when  the  three 
rides  of  a  triangle  are  determined,  its  shape  is  abo  inva? 
riably  determined ;  and  if  two  angles  be  held  fast,  th^ 
ihird  cannot  be  mipved.  It  is  thus  that,  by  inserting  th^ 
bar  CDf  the  figure  becomes  unchanged^ie ;  and  any  at- 
tiimpt  to  clia«j[e  it  by  applying  a  force  to  an  angle  A^ 
unmcdiateif  excites  forces  of  attraction  or  repulsion  ber 
tween  the  particles  of  the  stuff  which  fornye  its  sides* 
iThus  it  happens^  in  the  present  instance,  that  a  change 
6f  shape  is  prevented  by  the  hai*  CD.  The  power  at  A 
presses  its  end  against  the  prop;  an/d  in  doing  this  it 
puts  the  bar  AD  qn  the  stretchy  and  also  the  bar  DB* 
l^heir  places  might  therefore  be  supplied  by  cords  or 
luf tal  wires.  Hence  it  js  e?ident  that  DC  is  compressed, 
as  is  abo  AC ;  and^  for  the  same  reason,  CB  is  also  in  a 
state  of  compreasion ;  for  either  A  or  B  nuiy  be  consi- 
dered as  the  pbint  that  is  impelled  or  withheld.  There- 
fane  DA  and  DB  ar«  stretched,  and  are  resisting  with 
Sittractitre  farces^  PC  and  CB  are  compressed^  and  are 
resisting  witti  repulsive  forces.  DB  is  also  acting  with 
repulsf re  forces,  being  compressed  jn  like  manner :  and 
thus  the  support  gf  tbje  prop,  combined  with  the  firmness 
.of  DC^  puts  th/e  frame  ADBC  ibto  the  condition  of  the 
two  frames  i^  Fig.  8.  and  Fjg«  9.  Therefore  the  external 
foQce  at  A  is  really  in  equilibrioi  with  an  attracting  forcf 
acting  in  the  direction  AD,  and  a  repulsive  force  actinz 

f  of..  I.  ^  K 
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in  the  direction  AK.  And  since  all  the  connecting  foitei 
lu^  mutual  and  equal,  the  point  D  is  pulled  or  drawn  in 
the  direction  DA.  The  condition  of  the  point  B  is  siilii* 
lar  to  that  of  A,  and  D  is  also  drawn  in  the  direction  DB. 
Thus  the  point  D,  being  urged  by  the  forces  in  the  direc- 
tions DA  and  DB,  presses  the  beam  DC  on  the  prop,  and 
the  prop  resists  in  the  opposite  direction.  Therefore  the 
line  DC  is  the  diagonal  of  the  parallelogram,  whose  sides 
have  the  proportion  of  the  forces  which  connect  D  wiUi  A 
tad  B.  This  is  the  principle  on  which  the  rest  of  our  in« 
vestigation  proceeds.  We  maj  take  DC  as  the  represent 
tation  and  measure  of  their  joint  effect.  Therefore  draw 
CR,  CG,  parallel  to  DA,  DB,  cutting  AE,  BF  in  L  and 
K),  and  cutting  DA,  DB  in  I  and  M.  Complete  the  pa«> 
rallelograms  ILEA,  MONB.  Then  D6  and  AI  are  the 
^qual  and  opposite  forces  which  connect  A  and  D ;  for 
GD  =  CH,  =  AI.  In  like  manner  DH  and  BM  are  the 
forces  which  connect  D  and  B. 

The  external  force  at  A  is  in  immediate  equilibrio  with 
the  combined  forces,  connecting  A  with  D  and  with  C. 
AI  is  one  of  them :  Therefore  AK  is  the  other ;  and  AL 
is  the  compound  force  with  which  the  external  force  at  A 
.  is  in  immediate  equilibrium.  This  external  force  is  there- 
fore equal  and  opposite  to  BO ;  and  AL  is  to  BO  as  the 
external  force  at  A  to  the  external  force  at  B.  The  prop 
C  resists  with  forces  equal  to  those  which  are  propagated 
to  it  from  the  points  D,  A,  and  C.  Therefore  it  resists 
With  forces  CH,  C6,  equal  and  opposite  to  DG,  DH ; 
and  it  resists  the  compressions  KA,  NB,  with  equal  and 
opposite  forces  C  1r,  C  n.  Draw  kl,no  parallel  to  AD» 
BD,  and  draw  C/Q,  CoP:  It  is  plain  thatiSrCH/is  a 
parallelogram  equal  to  KAIL,  and  that  C  /  is  equal  to  AL. 
In  like  manner  C  o  is  equal  to  BO.  Now  the  forces  C  k^ 
CH,  exerted  bj  the  prop,  compose  the  force  C  /;  and  C  n, 
CG  compose  the  force  C  o.  These  two  forces  C  /,  C  • 
are  equal  and  parallel  to  AL  and  BO ;  and  therefore  thejr 
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|re'€qual'and  opposite  to  the  external  £brces. acting  at  A 
and  B.  But  tbej  are  (primitiTely)  equal  and  oppoute  to 
the  pressures  (or  at  least  the  compounds  of  the  pressures)^ 
exerted  on  the  prop,  by  the  forces  propagated  to  C  from 
A9  D,  4iid  B^  Therefore  the  pressures  exerted  on  th^ 
prop  are  the  same  as  if  the  external  forces  were  applied 
there  in  the  same  directions  as  th^y  are  applied  to  A  and 
B.  Now  if  we  make  CV,  CZ  e^ual  to  C  /  and  C  o,  and 
complete  the  parallelogram  CVYZ ;  it  is  plain  that  th^ 
force  YC  is  in  equilibrio  with  /  C  and  o  &  Therefore  the 
pressures  at  A,  C,  and  B,  are  such  as  would  balance,  if  ap^ 
plied  to  one  point 

.  Lastly,  in  order  to  determine  their  proportions,  dranv 
CS  and  CR  perpendicular  to  DA  and  DB.  Also  draw; 
A  d,  Bf  perpendicular  to  CQ  and  CP ;  and  draw  C  g^ 
C  i  perpendicular,  to  A£,  BF.  , 

The  triangles  CPR  and  BP/are  similar,  having  a  com« 
mon  an^e  P^  and  a  light  angle  at  B  andy* 

In  like  manner  the  triangles  CQS  and  AQd  are  si- 
milar. Also  the  triangles  CHR,  CGS  are  similar7  by 
ireasdn  of  the  equal  angles  at  H  and  6,  and  the  right 
angles  at  A  and  S.  Hence. we  obtain  the  following 
analogies  : 

C  o  :  CP  =  Oit :  PB,  =  C6  :  PB 
CP:CR=  PB:/B 

CB:CS=  CH:CG 

CS:CQ=  Ad:AQ 

CQ.Cl  =  AQ  :  K/,  =  AQ  :  CH. 

Therefol-e,  by  equality,   . 
Ce:C/=  Ad:/B 

orBOiALs  CgzCi. 

That  is,  the  external  forces  are  reciprocally  proportional 
to  the  perpendiculars  drawn  from  the  prop  on  the  lines  of 
their  direction.  * 

■    ■  ■      ■■  - ■  ■  ■    ■ -■  ■  ■  ) 

■■  *  T)m  IfUBcd  reader  wiU  perceive,  tbat  thle  analogy  is  predaely  ihf 
same  with  that  of  forces  which  are  in  eqpUttuctobjr  the  intervention  of  « 
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"this  pi%|M^iti<Mi  (ddfieientty  gieAeral  f«*  our  puifKwe) 
is  fertile  in  crni^uences,  mid  fiimishes  txiany  useful  iii^ 
toiictiotift  to  the  tfrtist  Tbe  sti^ins  LA,  OB,  CY,  that 
are  ^xetted,  occur  in  tnanj,  we  may  «ay-  in  all,  framings 
bt  carf^elitry.  Whether  for  edMcea  or  engines,  and  are  the 
sources  df  then*  efficacy.  It  id  lAso  evideiit,  that  the  4oc^ 
trine  of  the  transren^  strength  of  timber  is  contained  in 
this  projpositioii  ;  fbr  every  ptede  of  tiflflfcer  may  be  ooa- 
sidered  as  an  assembhge  of  parts,  connected  by  forces 
i^liich  act  in  the  direction,  of  the  lines  which  join  ilie 
Strained  ^tats  on  the  matter  whidi  lies  between  thoae 
points,  and  also  act  on  the  rest  of  the  matter,  e^cciting 
tiiose  lateral  forces  which  produce  the  inflexibility  erf*  the 
trhoib.    See  Strbnotr  or  MArsarALS. 

Thus  it  appears  that  this  proposition  contains  iSie  prin- 
ciples which  direct  the  artist  to  frame  the  mo^  powerful 
lerers ;  to  secure  uprights  by  shores  or  1>races,  or  by  ties 
and  ropes ;  to  secure  scaffoldings  for  the  erection  of  spires. 


lever.  In  fact,  this  wbole  frame  of  carpentry  is  nothing  else  than  a  hulU 
or  fr9med  lever  in  equilihrio.  It  is  acting  in  the  same  manner  as  a  solid« 
which  occupies  the  Whole  figure  compressed  in  the'fhmiet  or  i»  a  body  of 
any  axe  aad  shape  whateTer,  that  will  admit  the  three  points  6f  appHoatiiNi 
A.  C,  and  B.  I|t  f s  aifnys  in  eqliUibrio  in  the  case  first  suted  ;  because 
tbe  pressure  proineed  at  B  by  a  force  applied  to  A  is  always  such  as  ba- 
lances it.  Tbe  reader  may  also  perceive,  in  this  proposition,  the  analysis 
or  tracing  of  thdse  internal  mechanical  forces  which  are  indispensably  re- 
quisite for  the  fbnctidns  of  a  lever.  The  mechanicians  have  been  extreme- 
ly posrled  to  find  a  legitimate  demonstration  of  (he  equilibrium  of  a  lever 
ever  since  the  days  of  Archimedes.  Mr  Vioce  has  the  honour  of  first  de- 
monstrating, most  ingeniously,  the  principle  assumed  by  Archimedes,  but 
without  sufllcieilt  ground,  for  Ai«  demonstration  :  but  l^r  Vince*8  demon- 
stration is  only  aptltcliig  tke  mind  into  that  perpt^Ged  stale  whkb  makes  it 
ackndwled)|e  thepropoeition,  but  without  a  clear  .peictption  of  its  truth. 
The  difllculty  ba^  proceeded  from  the  abstract  notion  of  a  lever,  conceiving 
it  as  a  mathematical  line— inflexible,  without  reflecting  how  It  is  inflexible 
^ioT  the  very  source  of  this  indispensable  quality  fumilbes  the  mechanical 
connection  between  the  remote  pressurce  aad  the  Ailerum ;  and  this  aup- 
f>ltes  the  demonstration  (witliottt  the  least  difflculty)  of  the  despelrate  case 
Df  a  ttrajght  lever  urged  Ixy  parallel  forces.    J5ee  Botatiom. 
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and  maBj  gtheac  most  delicate  proUems  of  his  srt.  H^ 
abo  learns,  Iram  this  projioaition,  hour  ta  aaoertain  the 
strains  that  are  produced,  without  his  ioteatio^f  by  piecey 
which  be  inten4ed  for  other  offices,  and  which,  by  their 
traasferfle  actioa,  put  his  work  in  hazard'  In  shqrt,  tbi# 
proposition  is  the  key  la  the  science  of  hia  art. 

We  woald  now  counsel  the  artist,  after  be  hfts  mad^ 
the  trapsing  ^  the  strains  and  thrusts  through  tb«  ifarioop 
parts  of  a  frame  familiar  to  his  mind,  and  evei^  amused 
himself  irith  some  complicated  fao^y  framJ9gs»  to  read 
over  with  care  the  articles  SiraaMevii  99  M^TsaiAi^  and 
Roor.  He  will  now  conceive  its  doctrine  «\uch  more  dead- 
ly than  when  he  waa  considering  them  as  abstract  theoriet. 
The  mutual  action  of  the  woody  ifares  wii|  now  he  easily 
eomprebended,  and  his  conideiKe  in  the  results  will  b^ 
greatly  iaereased 

d06«  There  is  a  proposition  (see  the  article  Root) 
which  has  been  called  in  question  by  several  very  intelli- 
gent persons ;  and  they  say  that  Belidor  has  demonstra^ 
ted,  in  his  Scibncb  d|es  IiroENiKyRS,  that  a  beam  firmly 
fixed  at  both  ends  is  qpt  twice  as  strong  as  when  simply 
lying  on  the  props,  and  that  its  strength  is  increased 
only  in  the  proportion  of  9  to  3 ;  and  they  support  this 
determination  by  a  list  of  experiments  recited  by  Belidov, 
which  agree  preeUety  with  it.  BeUdor  also  says,  thajt 
Pitot  had  the  same  re««lt  in  his  experiments.  These  are 
respectable  aMthorities;  but  Belidor^s  reasoning  is  any 
thing  but  demonstration;  and  his  esperiments  are  da- 
scribed  in  such  an  imperfect  manner,  that  we  cannot 
build  much  pn  them-  It  is  not  said  in  what  manner  the 
battens  w^re  secured  at  the  en^s,  aoy  farther  than  that  it 
was  by  ehttfidcU.  If  by  this  word  is  meant  a  tressle,  we 
^finnot  conceive  how  they  ver^  employed ;  but  we  see  it 
sometimes  used  for  a  wedg^  or  key.  If  (be  battens  wei^ 
wedged  in  the  boles,  their  resistance  to  fracture  may  be 
niade  what  we  please :  they  m9j  ^  lQQse»  and  thsrefoae 
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Tesist  little  more  than  when  simply  laid  on  the  prop^ 
"They  may  be  (and  probably  were)  wed|Kd  very  fast,  and 
bruised  pr  crippled. 

Our  proposition  mentioned  distinctly  the  security  given 
to  the  ends  of  the  beams.    They  were  mortis  into  re- 
mote posts.    Our  precise  meaning  was,  that  they  ^were 
*«imply  kept  from  rising  by  these  mortises,  but  at  full 
liberty,  to  bend  up  between  E  and  I,  and  between  Gr  and 
K,    Our  assertion  was  not  made  from  theory  alone    (al- 
though we  think  the  reasoning  ipcontroTertible),  but  was 
agreeable  to  numerous  experiments  made  in  those  pre^ 
oise  circumstances:    Had  we  mortised  the  beams  firmlj' 
into  two  very  'stout  posts,  which  could  not  be  drawn 
nearer  to  each  other  by  bending,  the  beam  would  have 
borne  a  muih  greater  weight,  as  we  have  verified  by  ex* 
periment    We  hope  that  the  following  mode  of  conceiw 
ing  this  case  will  remove  all  doubts. 

Let  LM  be  a  long  beam,  Plate  VI.  Fig.  14.  divided  into 
six  equal  parts,  iq  the  points  D,  B,  A,  C,  £.  Let  it  be 
firmly  supported  at  L,  B,  C,  M.  Let  it  be  cut  through 
at  A,  and  have  compass  joints  at  B  and  C.  Let  FB, 
GC  be  two  equal  uprights,  resting  on  B  and  C9  but  with- 
out any  connection.  Let  AH  be  a  similar  and  equal 
piece,  to  be  occasionally  applied  at  the  seam  A.  Now  let 
"^  thread  or  wire  A.6E  be  extended  over  the  piece  GC, 
and  made  fast  at  A,  G,  and  £.  Let  the  same  thing  be 
0one  on  the  other  side  of  A.  If  a  weight  be  now  laid  on 
at  A,  the  wires  AFD,  AGE  will  be  strained,  and  may  be 
broken.  In  the  instant  of  fracture  we  may  suppose  their 
strains  to  be  represented  by  A /and  A  g*  Complete  the 
parallelogram,  and  A  a  is  the  magnitude  of  the  weight. 
It  is  plain  that  nothing  is  concerned  here  but  the  cohesioh 
of  the  wires ;  for  the  beam  is  sawed  through  at  A,  and  its 
parts  are  perfectly  moveable  round  B  and  O. 

Instead  of  this  process  apply  the  piece  AH  below  A, 
^Uld  keep  it  ther«  by  ^training  the  same  wire  BHC  ov^ 
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it  Now  lay  on  a  weight  It  must  press  down  the  endi 
of  BA  and  CA,  and  cause  the  piece  AH  to  strain  th(9 
wire  BHC.  In  Wk  instant  of  fracture  of  the  tame  wfre, 
its  resistances  H  i  and  H  e  must  be  equal  to  A/  and  Agi 
aiid  the  weight  A  H  which  breaks  them  must  be  equal  to 
Aa. 

Lastlj,  employ  all  the  three  pieces  FB,  AH,  GC,  with 
the  same  wire  attached  as  before.  There  can  be  no  doubt 
but  that  the  weight  which  breaks  all  the  four  wires  must 
be  ':=  a  A  +  A  H,  or  twiee  Aa. 

The  reader  cannot  but  see  that  the  wires  perform  the 
very  same  office  with  the  fibres  of  an  entire  beam  LM 
held  fast  in  the  four  holes  D^  B^  C^  and  £,  of  some  up« 
right  posts. 

In  the  experiments  for  verifying  this,  by  breaking 
•lender  bars  of  fine  deal,  we  get  eon^lete  demonstration^ 
by  measuring  the  curvatures  produced  in  the  parts,  of  th^ 
beam  thus  held  down,  and  comparing  them  with  the  cur«- 
vature  of  a  beam  simply  laid  on  the  props  B  and  C :  *aiid 
there  are  many  curious  inferences  to  be  made  from 
these  observations,  but  we  have  not  room  for  them  in  thia 
place. 

^509.  We  may  observe,  by  the  way,  that  we  learn  from 
ibis  case,  that  purlins  are  able  to  carry  twice  the  load  when 
notched  into  the  rafters  that  they  carry  when  mortisedr 
into  them,  which  is  the  most  usual  manner  of  framing 
them.  So  would  the  binding  joists  of  floors ;  but  this 
would  double  the  thickness  of  the  flooring.  This  me- 
thod should  be  followed  in  every  possible  case,  such  as 
breast  summers,  lintels  over  several  pillars,  &c.  These 
should  never  be  cut  off*  and  mortised  into  the  sides  of  every 
i^>right ;  numberless  cases  will  occur  which  shew  the  im* 
portance  of  the  maxim. 

We  must  here  remark,  that  the  proportion  of  the  spa- 
ces BC  and  €M,  or  BC  and  LB,  has  a  very  sensible  effect 
-on  the  strength  of  the  beam  BC ;  but  we  hav«  not  j^ 


Digitized  by  VjOOQIC 


1^^  CARKKITRY. 

satisfied  6ut  miods  as  to  the  ralimale  of  this  tfket.  It  i« 
undoubtedlj  connepted  with  the  serpentine  form  of  the 
curve  of  the  beam  before  fracture.  This  should  be  at- 
tended to  in  the  cdnstruction  of  the  spriilgs  of  cairiagesa 
These  are  frequently  supported  at  a  middle  point  (and  il 
is  an  excellent  practice),  and  there  is  a  certain  prop<ni|ioB 
which  will  gi?e  the  easiest  motion  to  the  bodj  of  the  car- 
riage. We  also  think  that  it  is  connected  with  that  de« 
viation  from  the  best  tfaeorj  observable  in  Buffon^s  expe^ 
riments  on  various  lengths  of  the  same  scantling.  The 
force  of  the  beams  dimifiisbed  much  more  than  in  the  in* 
9>erse  propoftion  of  their  lengths. 

- .  610.  We  have  seen  that  it  depends  entirdy  on  the  po». 
sition  of  the  pieces  in  respect  of  their  points  of  ultimata 
aupport,  and  of  the  direction  of  the  external  force  which 
produces  the  strains,  whether  any  pfuticular  piece  is  in  a 
-state  of  extension  or  of  compressioi|.  The  knowledge  of 
this  circumstance  may  greatly  influence  us  in  the  dioice 
of  the  construction.  In  many  cases  we  may  substitute 
alender  iron  rods  for  masstre  beams,  when  the  piece  is  to 
^ct  the  part  of  a  tie.  But  we  must  not  invert  this  dispa> 
sition ;  for  when  9  piece  of  timber  acts  as  a  strut,  and  is 
in  a  state  pf  compressiao,  it  is  next  to  certain  that  it  is 
not  equally  compressible  ip  i^s  opposite  sides  through  the 
.whole  length  of  the  pieces  and  ^hat  thf  compressing  force 
on  the  abutting  joint  is  apt  acting  in  the  most  equable 
.manner  all  over  the  joint  A  very  trifling  inequality 
in  either  of  the^  circumstafioes  (especially  in  the  first) 
will  com(H^8  the  be^m  more  on  one  side  than  on  the 
•other.  This  cannpt  be  without  the  beam'^s  bending,  and 
becoming  concave  on  that  side  on  whiph  it  is  most  com- 
pressed.. When  this  happens,  the  fr^me  is  in  danger  of 
being  crushed,  and  soon  going  to  mui.  It  is  Uttrefon  in- 
•dispensaUy  necessacy  tp^make  use  of  ^ms  in  aU  cases 
where  struts  are  required  of  considerably  Ieiq;th,  rather 
4fa^ai  of  mefal  rods  oC  sUnder  dtmcnsbns,  unles  in  situar 
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tioas  iriitee  ire  can  effcetuaUj  prerent  their  bending^  as  la 
tniMiiig  a  girdw  internally,  where  a  cast  iron  stnit  may 
be  firmly  caaed  in  it,  so  as  not  .to  bend  in  the  smallest  de^ 
gree.  In  cases  where  the  pressures  arte  enormous,  as  in 
the  ^erj  oblique  struts  of  a  centre  or  arch  frame,  we  must 
be  particulariy  cautious  to  do  nothing  which  can  facilitate 
the  compression  of  either  side.  No  mortises  should  ba 
cut  near  to  on€  side;  no  lateral  pressures,  even  tlio 
sKghtesI,  should  ba  allowed  to  touch  it.  We  have  seen  a 
pillar  of  fir  12  inches  long  and  one  inch  in  section,  when 
loaded  with  three  tons,  snap  in  sn  instant  when  pressed 
<m  one  side  bj  16  pounds,  while  another  bore  4^  tons 
without  hurt,  becawMB  it  was  inclosed  (lopsely)  in  a  stout 
pipe  of  iron. 

-  In  snah'fases  of  enormous  coitapression;  it  is  of  great 
importanoe  that.die  compresring  force  bear  equally  on  the 
whole  abutting  surface.  The  Gentian  carpenters  are  a<^ 
-tfusfemed  to  put  a  plat?  of  lead  over  the  joint.  This  pre- 
rents,  in  sdtoe  measure,  the  penetration  of  the  end  fibres. 
Mr  Perropef,  tbe  odebrated  French  architect,  foraged  his 
abutments  into  arches  of  circles,  the  centre  of  which  was 
the  remote  end  of  the  strut.  By  this  cmltriTance  the  un- 
^v^dable  change  of  form  of  the  triangle  made  no  partial 
lieajfing  of  eilher  ang^  of  the  abutment.  This  always  has 
a  tendency  to  splinter  off  the  heel  of  the  beam  where  it 
presses  strongest.     It  is  a  .very  judicious  practice. 

When  circumstances  allow  it,  we  should  rather  employ 
^tek-tims  struts  Ar  securing  a  beam  against  lafteral  striins. 
When  an  upright  pillar,  such  as  a  flag^staff,  a  mast,  or 
tim  upoghts  pf  4  very  tall  scaffolding,  are  to  be  shoared 
up,  the  dependent  is  more  certain  on  those  braces  that 
fare  rtr^lobed  by  the  strain  than  on  those  which  are  com- 
Hpres^ed.  The^asaffbldllig  of  the  iron  bridge  near  SundsN 
•knd  had  some  tks  very  ^dkiously  disposed,  and  others 
4riUikss  judgment. 

We  should  proceed  to  consider  the  transverse  strains  as 
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they  gfect  tiic  ▼arioM  parts  of  >  frame  of  carpeairy  ;  bvifr 
we  hare  rerj  little  to  add  to  what  has  been  said  alreadj* 
under  the  subject  of  Svrbhoth  of  Matbriau,  and  nnder 
the  subject  of  Bdbr.  What  we  shall  add  in  this  artide 
will  find  a  place  in  our  occasional  remarks  on  diflferent 
works.  It  raaj,  however5  be  of  use  to  recal  to  the  read« 
€r*s  memorj  the  following  pnqpodtions, 

511.  1.  WhenabeamAB,  Fig,  1&  is  firmly  fixednttlm 
end  A,  and  a  straining  foree  acts  perpendicolarlj  to  ita 
length  at  any  point  B,  the  strain  occasioned  at  any  section 
C  between  B  and  A  is  proportional  to  CB,  and  may  there- 
fore be  represented  by  the  product  WxCB;  that  is,  by  the 
product  of  the  number  of  tons,  pounds,  &c.  whidi  mei^ 
sure  the  straining  force,  and  the  number  of  feet,  inches^ 
kc  contained  in  CB.  As  the  loads  on  a  beam  are.easilj 
coneeifcd,  we  shall  substitute  this  for  any  other  straining 
force* 

S.  If  the  strain  or  load  is  uniformly  distribnted  along 
any  part  of  the  beam  lying  beyond  C,  (that  is,  further 
from  A),  the  strain  at  C  is  the  same  as  if  the  load  ware 
all  cdkcted  at  the  middle  point  of  that  part;  for  that 
point  is  the  centre  of  granty  of  the  load. 

3.  The  strain  on   any  aection  D  of  a  beam   AB^ 

Fig«  16*  resting  freely  on  two  props  A   and    B,    is 

ADxDB  .^     ^ 
w  X  — T-g —  (See  Boor,  and  Strength  op  liATBRiAiiS.) 

Therefore, 

4.  The  strain  on  the  middle  pomt,  by  a  fcMrce  appliel 
there,  is  one-fourth  of  the  strain  which  the  same  force 
would  produce,  if  applied  to  one  end  of  a  beam  of  the 
came  length,  having  the  other  end  fixed. 

5.  The  strain  on  any  section  C  of  a  beam,  resting  on 
two  props  A  and  B,  occasioned  by  a  force  a^Jaed  pcr- 
.pendicubiriy  to  another  point  D,  is  pn^Kirtional  to  the 
rectangle   of  the   exterior   segments,    or  is  equal   to 

re      .       . 
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Mf  X  — -^ —    Therefore, 

The  strata  at  C  occasioned  by  the  premire  on  D,  m 
the  same  with  the  strain  at  D  occasioned  bj  the  same 
pressure  on  C. 

6.  The  strain  on  any  section  D,  occasioned  bj  a  load 
nniformlj  diffused  over  anj  part  EF,  is  the  same  as  if 
the  two -parts  ED,  DF  of  the  load  were  collected  at  their 
teiddle  points  e  and/.    Therefore, 

The  strain  qn  any  part  D,  occasioned  bj  #  loud  uni- 
formly distributed  OTcr  the  whole  beam,  is  one  half  of  the 
vtrain  that  is  produoed  when  the  same  load  is  laid  on  at  D; 
and. 

The  strain  on  the  middle  point  C,  ocoasioned  bj  a 
load  umfomily  distributed  over  the  whole  beam^  is  the 
same  which  half  that  load  woiiid  prodnoe  if'  laid  oft 
«tC.  ' 

7.  A  beam  supported  at  both  ends  qn  two  props  B 
and  C,  Fig.  14.,  will  carry  twice  as  much  when  the  ends 
beyond  the  props  are  kept  from  rising,  as  it  will  carry 
when  it  rests  loosely  on  the  props,. 

8.  Lastly,  the  transversle  strain  on  any  section,  oeca* 
sioned  by  a  force  applied  obliquely,  is  diminisfaed  in  the 
proportion  of  the  sine  of  the  angle  wUcb  the  direction  of 
4he  fon»  makes  with  the  beam-  Thus,  if  it  be  inclined 
to  it  in  an  angle  of  thirty  degrees,  the  strain  is  one  half 
jof  the  straio  oecaaipncd  hy  the  saaoie  force  acting  perpen* 
dicularly. 

•  Oft  the  other  hand,'  the  aai-ATfTE  n^mvan  of  a  beam, 
€ir  its  power  in  any  particular  section  to  resist  any  tran^ 
^ene  stmia,  is  proportiomd  to  the  absolute  cohesion  4d 
the  section  directly,  to  the  distance  of  its  centre  of  effort 
'from  the  akis  of  fracture  directly,  and  to  the  distaooei 
from  the  strained  point  inversely*  .  . 

'"'  Thus. in  a  rectangular  section  of  the  beam,  of  whiek 
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b  is  the  breadth,  d  the  depth  (that  is,  the  4imettioii  ia 
the  direction  of  the  straining  force),  measured  in  inches^ 
and/  the  number  of  pounds  which  one  square  inch  will 
just  support  without  being  torn  asunder,  we  must  have 
/  X  ft  X  d',  proportional  to  u)  x  CB,  Fig.  16,  Qr» 
/  X  ft  X  d^,  multiplied  by  some  number  «h  depending  on 
the  nature  of  the  timber,  must  be  equal  to  w  x  CB» 
Or,  in  the  case  of  the  section  C  of  Fig.  16.  that  if 
strained  bjr  the  force  of  w  applied  at  D,  we  miisk  have 

m  X/  ft  d«  =r  «?  X^^fJ^^'     Thus  if  the  beam  is  rf 
AB 

^pund  oak,  in  is  vfffy  nearly  ss  I  (see  STnsN<;»TH  op  Mv 

^     rri       r  u       /  *  ^^  AC  xC» 

TERIAI3.)    Therefore  we  have*^^ — 5-—  =  «  X  —  ^ 


Hence  we  ean  tell  the  precise  foroe  w  whidi  anj  1 

iion  C  can  just  resist  when  that  foroe  is  applied  in  my 

way  whatevert    For  the  above  mentioned  formula  givct 

f  h  i* 
w  =  'jTrvu'^  ^^^  ^®  ^**^  represented  by  Fig.  16.    But 

the  cflise  represented  ia   Fig.  16.   having  the  strainiB|r 

force  applied  at  D,   gives  the  strain  at  C  (axw)  s^ 

.    ft  d«  X  AB 

^9ACxCB' 

Extmpk.    Let  an  oak  beam,  four  inches  square,  rest 

freely  on  the  props  A  and  B,  seven  feet  iqiart,  or  84 

inches.    What  weight  will  it  just  support  at  its  middle 

|»omt  C,  on  the  supposition  that  a  square  incb  rod  will 

just  carry  16,000  pounds,  pulling  it  asunder  ? 

rpk.   r         ,     u                          1«W0  X  4  X  14  X  84 
The  formula  becomes  ip   ;=  r- — — — — , 

86016000        ,,,^  ^       2,?.*?^** 

w  »  =»  •"  15876  ^  **  pounds.    Xhw  is  very  near 

what  was  employed  in  Buffon^s  ezp^ment,  whiph  was 
6312. 
Had  the  straining  force  acted  on  a  point  D,  half  way- 
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li^weMi  €  ud'B,  »4ie  Ibtee  Mffieieiit  ib  braik  the  beanl 

at  C  would  be  = 5^*5 — gT ~ 

Had  1^  Mam  been  wmrA  red  ir,  w«  must  liare  taken 

fsi  10,0011  nearij,  mi  m  aenrly  8 ;  kat  although  fir  be 

less  cohesive  than  oak  in  |9m  proportion  of  A  to  8  nearly, 

9t  is  lesi  oonipHMlMe,  and  Ms  nxis  of  fracture  is  therefore 

nearer  to  the  concnve  side. 

BIS.  Hafin;  considered  at  snfieient  length  the  strains 
of  different  kinds  wMch  arise  ttma  the  form  of  the  parts 
of  a  frame  of  enrpentrf,  and  tte  direction  of  the  extern 
nsil  forees  whinA  net  on  ft,  iilNther  considered  as  impell- 
ing or  as  tupportittg  its  dUfkent  parts,  we  must  non^ 
proceed  to  consider  the  means  hj  Which  this  form  is  to  be 
secured,  and  the  connections  1^  wMch  those  sCndns  are 
escited  and  commtnicnled. 

The  joinings  practised  in  carpentry  mt  almost  infinite- 
ly Tarious,  and  eadi  has  advanPtages  which  make  it  pre^ 
feraMe  in  some  ^circnmstances.  Many  ranches  are  em- 
ployed merely  to  please  the  eye.  We  do  nlit  concern 
onrsehes  with  these :  Nor  sbirfl  we  consider  those  which 
are  only  employed  in  connecting  small  works,  and  cbA 
never  nppear  on  a  great  aeale;  yet  even  in  some  of  these, 
the  skai  of  the^  cnrpenter  may-he  ittscovered  by  his  choice ; 
for  in  all  cases,  it  is  wise  to  make  every^  even  the  small* 
est,  part  Of  his  work  as  strong  as  the  matenals  will  ad- 
mit He  will  be  particnlaily  itttentive  to  the  changed 
which  will  necessarily  happen  by  the  shrinkmg  of  timber 
as  ft  dries,  and  will  consider  What  dimensions  of  his 
framings  will  be  affected  by  Ibis,  and  What  will  nott 
and  will  then  di^se  the  pieces  which  are  less  essential 
to  the  strength  of  the  whole,  in  such  a  manner  that  their 
tendency  to  shrink  shall  be  m  the  same  direction  with  the 
shrinking  of  the  Whole  framing.  If  h^  do  otherwise, 
the  seams  will  widen,  and  parts  will  be  spHt  asunder. 
He  wfll  dispose  bis  boardings  in  such  a  manner  as  to  con^ 
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tribute  la  fheitifihen  of  Uie  whole,  l»?daifcg  at  the  i 
time  the  giving  t)iera  poriliaftis  which  will  produce  lateral 
strains  on  truss  beams  which  b^ar  great  pressures ;  recol- 
lecting, th^t  although  a  single  board  has  little  foroe,  yet 
many  united-  have  ji  great  deal,  attd  may  frequently  pers 
form  the  office  of  rerj  powerfnl  struts* 
.  Our  limits  confine  us  to  the  joinii^  which  are  mpst 
essential  for  connectmg  the  parts  of.  a  single  piece  of  i| 
frame  when  it  cannot  be  formed  of  one  beam,  either  for 
want  of  the  necessa^ry  thickness,  or  length ;  and  the  jointa 
for  connecting  the  different  sides  of  a  tnssed  frame. 

£13.  Mach  ingenuity  andcontrivanoe  ha^e  been  bestdw-p 
ed  on  the  manner  of  building  up  a  great  beam  of  manjr 
thicknesses,  and  many  sii^lar  methods  are  practised  as 
great  nostrums  by  different  artists :  but  when  we  con* 
sider  the  manner  in  which  the  cohesion  of  the  fibres  per? 
forms  its  office,  we  shall  clearly  see  that  the  sinqplest  are 
equally  effectual  with  the  most  refined,  and  that  they  are 
less  apt  to  lead  us  into  fabe  notions  of  the  strength  of  th^ 
assemblage*. 

514.  Thus,  were  it  required  to  build  up  a  beam  for  a 
great  lever  or  a  girder,  so  that  it  may  act  nearly  as  a 
beam  of  the  same  sine  of  one  log^t  may  either  be  done 
by  plain  joggling,  as  in  Plate  VII.  Fig.  1«  A|  or.  by  scarf« 
ing,  as  in  Fig.  1.  B  or  C< 

515.  If  it  is  to  act  as  a  lever,  having  the  gudgeoii 
on  the  lower  side  at  C,  we  believe  that  most  artists 
will  prefer  the  form  B  and  C ;  at  least  this  has  been 
the  case  with  nine^tenths  of  those  to  whom  we  havf 
proposed  the  question.  The  best  informed  only  besitati* 
ed ;  but  the  ordinary  artists  were  all  confident  ia  its  sur 
periority  ;  and  we  found  their  views  of  the  matter  very 
coincident.  They  considered  the  upper  piece  as  grasping 
the  lower  in  its  hooks ;  and  several  imagined  that,  by 
(driving  the  one  very  tight  on  the  other,  the  beam  would 
be  stronger  than  an  entire  log :    but  if  we  attend  car&> 
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iblly  to  lite  itttenud  procedure  in  the  loaded  levir»  w« 
diell  find  tlie  tipper  one  ckarij  the  strongest  If  thejr 
are  formed  of  equal  logs,  the  upper  one  is  tkicker  tlunt 
the  other  by  the  depth  of  the  joggling  or  scarfing,  whieh 
we  suppose  to  be  the  same  in  both ;  consequently,  if  the 
cohesion  of  the  fflNres  in  the  intenrals  is  able  to  bring  the 
uppermost  filaments  into  full  action,  the  form  A  is 
sCrouger^  than  B,  in  the  proportion  of  the  greater  di»* 
taoee  of  the  upper  filaments  from  the  axis  of  the  frao* 
lure:  this  may  be  greater  than  the  difiorence  of  the 
thickness^  if  the  wood  is  very  compressible.  If  the 
gudgeon  be  in  the  middle,  the  effect,  both  of  the  joggles 
and  the  scarfings,  is  considerably  diminished ;  and  if  it 
is  on  the  upper  side,  the  scarfings  act  in  a  rery  different 
way.  In  thb  situation,  if  the  loads  on  the  arms  are  abo 
opplied  to  the  iqpper  side,  the  joggled  beam  is  still  more 
superior  to  the  scarfed  one.  This  will  he  best  under* 
stood  by  resolving  it  in  imagination  into  a  trussed  frame. 
But  when  a  gudgeon  is  thus  put  upon  that  side  of  the 
lever  which  grows  convex  by  the  strain,  it  is  usual  to 
connect  it  with  the  rest  by  a  powct^ful  atrap,  which  em* 
braces  the  beam,  and  causes  the  opposite  point  to  be* 
come  the  resisting  point.  This  greatly  <dianges  the  in* 
temal  actions  of  the  filaments,  and,  in  some  measure, 
brings  it  into  the  same  state  as  the  first,  with  the  gud* 
geon  below.  Were  it  possible  to  have  the  gudgeon  on 
the  upper  side,  and  'to  bring  the  whole  into  action  with- 
out a  strap,  it  would  be  the  strongest  of  all ;  because,  in 
general,  the  resistonce  to  compression  is  greater  than  to 
extension.  In  every  situation  the  joggled  beam  has  the 
advantage,  and  it  is  the  easiest  executed. 

We  may  frequently  gain  a  considerable  accession  of 
strength  by  this  building  up  of  a  beam  ;  especially  if  the 
part  which  is  stretehed  1^  the  strain  be  of  oak,  and  the 
other  part  be  fir.  Fir  being  so  much  superior  to  oak  as  a 
pillar  (if  Muscfaenbroek^s.oxperiments  may  be  confided  in)^' 
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and  otk's6  iniidh  [ireferaUe'49  atifci  thb  coltitractibn 
seems  to  unite  bodi  adyafttoges.  Bui  weskfll}  bee  mwh 
better  metliods  af  makuig  powerful  le¥er^.glrde««»  &c» 
by  tnissing. 

(^bsenre,  that  the  efficsgcy  of  both  nidUiods  depcnit 
totirelj  on  the  diffiicidty  of  jttuaiag  the  pieee  betwiSen 
the  crofls  joints  to  slide  alMg  tbe  timber  to  vdUeh  ii  ad* 
beresL  Therefore,  if  this  be  moderate,  it  is  wrong  to 
make  the  tiotches  deep;  for  as  sooa  as  tbay  4re  so  deq» 
that  thebr  ends  hare  a  iorce  soffi^ot  to  posh  the  sliea 
along  the  line  of  juoetioay  nothing  is  gained  b/  makiog 
them  deeper;  and  tbis  reqaires  a  |^eater  expeoditttre  of 
timber. 

Scarfings  are  frequently  macle  oUiqlie^  ats  in  Fig.  2. 
but  we  imagine  that  this  is  a  had  practice,  it  begins  tef 
peld  at  the  point,  where  the  wood  is  €rip|)Ied  and  spUw 
tared  off^  or  at  least  bruised  out  a  little :  as  the  pressunf 
increases^  this  pact,  by  squdsesing  broader,  caua^s  Ibif 
solid  parts  to  riseA  little  upwards^  and  gif«s  themsomif 
tendenej,  not  jcmlj  to  push  their  antagonists  aknig  ifaa 
base,  but  even  to  tear  them  tip  a  Iktie.  For  similar  re» 
sons,  we  dieiipprove  of  the  &¥ouiite  pnaetica  of  fitanjr 
artists,  to  nuik^  the  angles  of  their  searings  acute,  as  is 
Fig.  3.  This  often  causes  the  two  pieces  to  tear  each 
other  up.  The  abutments  should  alwajsf  be  peipendicUf 
lar  to  the  dire^ons  of  the  pressures.  L^t  it  should  be 
forgotten  in  its  proper  place,  we  may  extend  this  injuno* 
tion  also  to  the  abutments  of  different  pieots  joi  a  fraaawv 
and  recommend  it  <  to  die  artist  even  to  attend  to  tk^ 
shrittfcingof  the  timbers  by  dx7ing.  When  two  tinriien 
abut  obliquely,  the  jmnt  abonld  be  most  full  at  the  tibr 
tuse  angle  of  the  end;  because  by  drymg,  that  angle 
grows  more  obtuse,  and  the  beam  would  then  bejn  daa* 
ger  of  splintering  off  at^the  acute  angle. 

616.  It  is  evident,  that  the  luoesl'work  is  iadtspeosiddy 
uacessary  in  building  up  a  beam.*  The  parta must  abuf 


Digitized  by  VjOOQIC 


^n  Mb  ollmf  completely,  and  tke  :8iiu#eit  fUj  or  void 
lakes  away  the  whole  efficacy;  It  if  usual  to  give  the 
butting  joints  a  small  taper  to  one  side  of » tl^  beam,  so 
that  they  may  fequire.  moderate  blows  of  a  maul  to 
force  them  ia,  and  the  jointa  may  be  perfectly  close  when 
the  external  surfaces  are,  even  on  each  ^de  of  the  bean^« 
But  we  must  not  exceed  ift  the  least  degree ;  for  a  very 
taper  wedge  has  great  force ;  and  if  we  have  driven  the 
pieces  together  by  very  heavy  blows,  wc  l^ave  the  whole 
in  a  state  of  violent  strain,  and  the  abutinents  are  per- 
haps ready  to  spUnter  off  by  a  small  addition  of  pres« 
sure.  This  is  like  too  severe  m  proof  fpr  artillery; 
which),  though  not  sufficient  to  burst  the  pieces,  b^8 
weakened  theqi  to  such  a  d?gree»  that  the  strain  of  or« 
dinary  service  is  sufficient  to  compleie '  the  fracture. 
The  aMdbiMEii  is  tempted  to  exceed  in  this^  because  it 
smooths  off  and  conceals  all  uneven  seams;  bi^t  he  must 
bewatcbed.  It  is  not  unusufl  to  leave  some  abutments 
open  enough  to  admit  a  thin  wedge  rea«hifig  thfeugh 
the  beam.  Nor  is  this  a  bfid  practice,  if  the  wedge  ij^  of 
materials  whndi  ar%  not  compressed  by  the  driving  or  the 
stiaia  of  service*  Iron  would  he  preferable  for  this  pur- 
pese^  and  for  the  joggles,  were  it  not  that  bj  its  too  great 
hardness  it  cri{^les  the  fibres  of  limber  to  some  distance. 
In  consequence  of  this^  it  often  happens  ,that|  in  bi^ams 
wUch  are  sutgcicted  to  desultory  and  sudden  strains,  (as 
in  the  levers  of  reciprocating  engines,)  |the  joggles  or 
wedges  widen  the  holes,  and  .work  themselves  loose: 
Therefore  skilful  engineers  never  admit  them, /and  indeed 
as.  few  bolts  as  possible,  for  the  same  reason :  but  wjien 
resisting  a  steady  or  dead  pull,*  they  are  not  so  imprpper, 
and  are  frequently  used« 

.517.  Beams  are  built  up  not  only  to  increase  their  dU 
mensiq^  in  the  direction  of  the  strain  (which  we  have 
hitbnrtqi,  called  their  dqith),  but  also  to  increi(s^  their 
b^eadtfr  or  tlie  dimensifNis  p^rpejfjiicular  to  tife^isUain^ 

fOL.  I.  2  L 
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We  smnetitt^  ^iible  t^e  l»read(h  iiff  •  girder  wlMdi  h 
thought  too  weak  fbr  its  load,  and  where  we  iniist  not 
increase  the  thickness  of  the  iooring.  The  mast  of  a 
great  ship  of  war  murt  be  made  Mgger  afhwattahip,  ar 
Weil  as  fore  and  aft  This  is  one  of  the  nicest  pnMemt 
of  the  art ;  and  professional  men  are  hj  no  means  agreed 
in  their  opinions  about  it.  We  do  not  presume  to  de^ 
cide;  and  sbaD  Content  oursettes  wftb  exhlbltni^  tfie 
flinerent  methods. 

518.  The  most  o%t{oiis  and  natond  mAhod  is  that 
shewn  in  Rg.  4  It  is  plahn  that  (independent  et  the 
eonnectton  of  cross  bolts,  wliich  are  used  in  them  sdl 
when  the  lieams  are  square)  the  pleor  €  cannot  bead  in  ' 
the  direction  of  Are  ptime  of  the' figure  without  bending 
the  )Hece  D  along  with  it  Tbia  method  is  much  used  in 
the  Freircb  navy ;  but  it  is  «ndoubtedl)r  imperfect. 
Bardty  apj  two  great  trees  are  of  eclusl  qualiif,  and 
swell  and  sbrittk  aKke.  If  C  sbrinits  more  than  I>,  the 
leather  of  C  becomes  loose  in  the  groote  wrought  in  2> 
to  receive  it ;  and  when  the  beam  bends,  the  ^tfts  ieaa 
slide  on  each  oAer  Vke  (he  plates  of  a  coach  spring ;  and 
if  the  bending  is  in  the  ditection  ef^  tiiere  is  nodifaig  to^ 
)itnder  this  sKding  but  the  bolts,  whidk  soon  weak  theaft- 
setres  loose  in  the  bolt-holes. 

519.  Pig.  5.  exlAits  anodier  mefbed.  The  two* 
'halves  of  the  beam  are  teUed  into  each  other  in  the  same 
manner  as  in  t*ig.  1.  It  is  plain  that  thb  will  not  be  af- 
ibcted  bj  the  unequal  sw^ng  or  shrinking,  because  thia 
is  insensible  in  the  directimi  of  the  fibrea;  but  when  iient 
in  the  direction  a  ft,  the  beam  is  weaker  than  Pig.  4.  bent 
in  the  direction  e/  Each  hdf  of  Fig.  4  has,  in  enrj 
part  of  its  length,  a  Aickness  greater  than  half  the  thick- 
ness of  the  beam.  It  is  the  contrarf  in  the  alternate  por- 
tions 4tt  the  halves  of  Pig.  5.  When  one  of  them  is  bent 
in  the  direction  AB,  it  is  plain  that  it  drags  the  other 
v^ith  it  by  means  af  fli«4VQas  bntments  of  ita  tables,  and 
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ibitfeeftaiMiloklBgitttiiiialilidlHig.  3at miUiallie worit . 
b  actiicateljr.execiitcdy  and  «8C&  bqUbir  ooafkldy  filled 
Up  by  tb«  table  of  the otber  pieot,  tkeie  mXllm  m  laftenl 
lUde  alMg  the  eittss  Joints  snjiciMi  to fiipinMtc ^or 
th#.ctirvfct«re;  ami  tUs  will  kH^  tbt  uefiom  oaiil«  ' 
pvesMOf  oS4tt)tlcbuig  the  o^ifv  bi  uerfi unity  to  this  eat* 
Mtitre. 

«£&  Tho  imptfffcetwiof  thb  iMthod  iasa  obiriooi* 
that  it  has  itUom  been  practised:  biit  it  bas  been  e<HB« 
bked  nritb  die  otber»  at  is  mpresealed  ta  Fig.  6.  wb^re 
the  beaats  are  ditidded  along  tbe  middle,  and  tbe  tables  bk 
each  b^  are  akcmate,  and  akernnte  abM»  with  Uie  tahlas 
«f  tbe  other  hatf.  Thoa  1«  3»  4,  aie  paamiMnt,  and  5» 
%  6|  are  dfpptssed,  This  tonstmclaofa  cvideaUjr  pnton 
•top  to  both  sidee^  and  obliges  erecy  paft  ol  both  piecea 
4»  asove  togetben  m  i  and  c  d  show  sectiona  of  the  built^ 
^  beam  eanrespoading  to  AB  and  CD. 

No  mcM  is  intended  fai  this-  praotke  by  «i|y  inteUigent 
artifty  than  the  causing  the  two  pieces  to  act  together  in 
all  their  partsi  althotqjh  the  sttains  may  be  uqaquaUy 
distribaled  os  them.  Thus,  fai  a  bmlt-iqp  girder,  the 
bfaiding  joints  «re  fr ofuently  mortised  into  very  diflhrent 
parts  of  the  two  sides*  But-^many  seem  to  aiai  at  mnl> 
ing  the  beam  stranger  than  if  it  were  of  one  piece;  and 
this  inooasiderate  prcgact  has  given  rise  to  many  whinls^ 
net  nmdes  of  tnbling  and  sc^cfing,  which  we  need  not  t^ 
«vd. 

iSii.  The  practice  in  the  Bntieb  dock^yards  is  sDflso- 
what  different  Iron  any  of  them  authods. .  The  pieces 
are  tabled  as  in  Fig^  6«^  bat  the  tables  are  not  thin  parak 
Mapipedsy  bat  thm  prisms.  The  two  ontward  joints  or 
visible  seams  are  straight  lines,  and  tl^  table  No*  L  rises 
gradndJy  to  its  greatest  thickness  in  the  axis.  Iq  like 
manner,  the  hollow  5  for  receiTing  the  opposite  table, 
Mttks  gradually  from  the  edge  to  its  gcaatest  depth  in  the"* 
axis»    Fig.  7.  lepreseats  a  section  of  a  cound  pieee  of 
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timber  bialt  up  in  this  way,  khiire  Oie  fuU  Ike  EFOH 
k.  the  aeciioB  ooivesponi&ig  ta  AB  of  Fig.  &  and  tbm 
dotted  Une  EGFH  is.tbe  section  oomspondiog  to  CD. 

Thii  eoartnicatioit,  bjr  tnakiog  the  ektemel  seem 
ttmigbt,  leares  ao  lod^nent  for  water,  and  looka  nmoh 
lairer  til  the  ey« :  but  it  a|qiean  to  as  that  it  does  noTt 
giTe  snch  firm  hold  when  the  mast  is  bent  in  the  direo- 
tion  EH.  The  exterior  parts  are  mo^  stretched  and 
most  jeempressed  by  this  bending;  but  there  is'  hardly 
My  abutment  in  the  exterior  parts,  of  these  tables:  In 
the  Tery  axis,  where  tbe  abutment  iM  the  firmest*  thaoe 
ia.little  or  jio  diffkenee  of  extension  and  compression. 

But  this  €bnstr|iction  has  aii  adi^antage,  which  we  ima^ 
giiss  mach  mooe  than  compensates  for  these  imperfections, 
at.least  in.the  pedicular  case  of  a  round  mast:  it  will 
draw  together  by  hooping  incompdtrably  better  than,  aaf 
of  the  others.  If  the  cairity  be  m^de  soniewhat  too  shal^ 
low  for.the  pEomlntnoe  of  tbe  tdbles,  and  if  this  bo  done 
onifiihnly  aloog  the  whole  length,  it  wlU  mak^  a  aome^ 
what  open  aeam ;  ;aiid  this  opening  can  be  regulated  with 
ihe  utmost,  ej^tnesl  firom  end  to  end  by  tbe  plane.  The 
lieart  of  l^e  vastitninks  is  very  sensibly,  sirfter  than  the 
exterior  circles:  Therefore,  when  the  whole  b  hooped, 
Jbnd  the  hoops  hard  driven,  and  at. considerable  iatenrak 
between  each  .spelt- ^we  are  confident  that  all  may  be 
compressed  till  the  Seam  disappears ;  and  then  the  whole 
makes  one  piece,  nuick  stronger  than  if  it  were  an  origi- 
nal logof  that  sine ;  because  the  middle  has  become,  by 
oompressicin,  as  solid  as  the  crust,  which  was  naturally 
•firmer,  and- resisted  farther  compression*  We  verified 
this  beyond  a.  danbt,  by  hobping  a  built  stick  of  a  timber 
which  has  thSs  inequality  of  firmness  in  a  remarkable  de* 
.^ree,  and  it  was  nearly  twice  as  strong  as  another  of  tlie 


Oar  mastmalEecs  are  not  without    their  fancies   and 
whimB;  and  the.  manner  in  which  our  masts ,  and  yards 
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Are  generallj  boilt  up,  is  not'  near  so  simple  as  iPig.  6. ; 
but  it  consists  of  the  same  essential  pa^ts,  acting  in  the 
verj  same  manner,  and  derives  all  its  "efficacy  from  tiie 
principles  which  are  here  employed.  *  ^ 

'  582.  This  construction  is  particularly  suited  to  the  ri- 
tuation  and  office  of  a  ship^s  mast.  It  has  no  bolts ;  dr^ 
at  least,  none  of  any  magnitude,  or  that  make  very  im- 
portant parts  of  its  construction.  The  most  viotenl 
strains  perhaps  that  it  is  exposed  to,  b  that  of  twisting^ 
when  the  lower  yardu  are  close  braced  up  by  the  fcnroe  of 
many  men  acting  by  a  long  lever.  This  form  resisti  ft 
twist  with  peculitf  energy :  it  is  therefore  an  excellent 
fliethod  for  building  up  a  great  shaftf6ra  mill.  Th« 
way  in  which  they  are  tisaally  buUt  up  is  by  redudilg*a 
central  log  to  a  polygonail  priam,  and  then  filling  it  up 
to  the' intended  size  by  plcMing  pieces  of 'timiber  along  ita 
aides,  either  spiking  them  down,  or  cocking  them  into  it 
%y  a  feather,  or  joggling  them  by  dipa  of  hard  wood  miSk 
into  the  central  log  and  into  tli<B  slips.  'N.'S.  Jogglet'of 
elln  are  sometimes  used  in  the  middle  of  die  Itfge  tables 
of  mastr^^  and  when  sunk  into  the  firm  wood  near  the 
surface,  they  must  contribute  niuch  to  the  strength.  But 
it  is*  very  necessary  to  employ  wood  not  much^btt*der 
than  the  pine ;  otherwise  it  wilt  aofm  enlarge  its  bed,  and 
become  loose ;  for  the  timber  of  these'lai^ge  trunks  ia  very 

-  •018,  The  most  general  reason  f(rir  piecing  a  beam  ia  to 
tacteisse  its  length.  Thi»isfvequentlyiie(»sary,  in  order 
«6' procure  tie-beams  for  very  Wide  rbofiil  'Two  picm 
Ibastbe  scarfed  togetker-^^Numbek-Ias  9lte  the  mbdes.of 
ilSlmg  this;  and  afanost  every  mdbter  dirpeoter  hii»  his 
IhvoaritSe  nostrum.  Some  of  them  are  very  iilgenioMs^ 
Btat  here^  as  in  other  eases,  the  most  aimpk  are  eomtrnMih 
ly  the  i^trong^t  We  do  not  imagine  that  aay,  the  most 
ittgenioasj  ia  equally  strong  i^ith  atie  consistbig  of  two 
pieces  of  the  aame  scantling  laid  orer  eadi  t)ther  fm « 
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ceitaiA  length,  and  firmly  bolted  together*  We  a^novrw 
ledge  that,  this  wiU  appear  an  artless  and  cinmsj  ti^ 
il0Si9 ;  but  wfi  only  tsff  that  it  will  be  stronger  than  aiijr 
that  is  more  artificially  made  up  of  the  same  thickness  of 
timber.  This,  we  imagines  will  appear  suffieieiitl^  eer*i 
tain. 

The  simplest  and  most  obrious  scarfing,  (after  the  em 
IMIW  mentioned)  is  that  represented  in  Fig.  B,  No.  1 .  &  2.  If 
ponsidered.merely  as  two  pieces  of  wood  joined,  it  is  pUmi 
that,  ad  a  tie^  it  has  but  half  the  strength  of.  an  entire 
pi^e,  mipfmixig  that  the  bolts  (which  are  the  only  oon* 
iwrtions)  are  fa«t  ip  their  holes.  Na  2«  requires  a  bolt  ia 
the  toid^  of  tbe  s^rf  ia  give  it  that  strength  (  and,  Uk 
eytrf  other  part,  is  weaker  on  one  nide  or  the  other. 

But  the  bolts  are  veiy  apt  to  bend  by  the  Tjoleatitivini 
and  require  to  be  sti«ngtbnied  hj  uniting  tiieir  enda  by 
iron  plates ;  in  which  case  it  is  no  longer  a  w<ioden  tie^ 
The  form  of  No.  L  b  better  aAi^^  to  the  office  of  « 
IriUar  thtfu  No,  9. ;  especially  if  its  ends  be  formed  i^  the 
munner  shl^wn  in  the  eievalion  Na  3.  By  the  sally  gi« 
▼en  to  the  ends,  the  searf  resists  aq  effbirt  to  bend  it  in 
that  direction.  Bjesidei»  the  form  ^  No.  2.  is  rnisuitable 
for  a  post;  beeause  the  pieces,  by  sliding  on  each  other 
by  t)ie  pi^ssur^  are  apt  t<i  apUiiter  o^  the  tongue  whiiA 
confines  their  extremity. 

Fig.  9.  and  10.  exhibit  the  most  approved  form  of  a 
•earf,  ifbether  fo^  ii  ifc  or  for  a  post  The  key  repmi 
wilted  in  tfao  middle  is  not  ^sentiaUy  neeesstfry  i  the  twt 
fmces  nnight  sunnily  meet  sijuare  there.  TUs  fenOa  witha 
Mt  a  key,  needs  no  fadts  (althou|gh  they  atrengthen  M 
^atiy)(  but,  if  woriked  Ter^  tyiie  tnd  dose,  sfad  i^Hk 
•quare  abutments,  wiU  hAld  together,  and  wiU  reaiBt  faenA- 
-itog  in  any  4upectidn.  But  the  ktj  is  )pi  tn^genious  hnd  h 
Very  great  improirement,  akid  will  force  the  parts  logethet 
with  perfeiet  tightness.  The  same  lirecaution  mtat  be 
iitilrreA  iUit  ire  nentiBAed  on  fnother  oceniiolH  not  let 
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^raiuce  a  fMsUmt  intenud  struo  on  Urn  parts  bf  over^ 
drinog  the  key*  The  form  of  Fig.  9.  is  by  far  the  best; 
faeca^se  the  Uiuigje  of  Fig^  10.  is  much  easier  splintered  off 
by  the  straii^  or  by  the  key»  than  the  square  wood  of 
Fig.  9.  It  is  far  preferable  for  a  post,  for  the  reason  gi^en 
whe9  speaking  of  Fig.  8.  No.  1.  &  1^.  Both  may  be  formed 
with  a  sally  at  the  ends  equal  to  the  breadth  of  the  key. 
In  this  shapes  Fig.  9.  is  vastly  well  suited  fiur  joining 
tbf  parts  of  the  lom  corner  posts  of  spires  and  other 
wooden  towers*  Fig.  9l  No»  2.  differs  from  No.  1.  only 
tgr  luuring  three  keys.  The  principle  and  the  longitudi- 
4Qa1  strength  are  the  same.  The  long  scarf  of  ^lo.  8.  tighlh 
«ned  by  the  tbsee  keys^  enables  it  to  resist  a  bending 
inuchMter. 

None  of  these  seiurfed  tie-beams  can  have  more  than 
<me-t]iird  of  the  strength  of  an  entire  piece,  unless  wit|i 
llie  assistance  of  iron  plates ;  for  if  the  key  be  made  thin- 
ner than  one^hiidt  i^  has  less  than  one-third  of  the  fibr^ 
441  pall  by  ^ 

W«  are  confident  thanefi»a,  that  wh^n  the  heads  of  the 
bolts  ape  connected  by  plalesp  the  simple  form  of  Fig,  8. 
No.  h  k  stronger  than  tbosa  more  kigenious  scarfings. 
Jt  may  be  strengthened  against  lateral  beodings  by  a  litt]^ 
^9ee»  or  by  a  sal^ ;  but  it  cannot  have  both. 

BStL  The  strongest  of  all  metbods  of  pieciag  a  tie- 
.beam  would  he.  to  set  the  parts  and  to  end,  and  grasp 
tbem  between  other  pieces  on  oacb  side,  as  in  Fig.  U. 
This  is  wbat  the  shi|Marpenter  caUs  JUkiiig  a  beam ;  and 
k  a  firequent  practice  for  occasional  repairs.  Mr  Perronet 
need  H  for  the  tie-beams  or  stff«tcbars«  by  wUch  he  comr 
necfad  the  opposite  feet  of  a  centre^  which  was  yielding 
to  its  load»  ali4  bad  pushed  aside  one  of  the  piers  abof^ 
.(mut  tnchea.  Six  of  these  not  only  withstood  a  strain  of 
1800  tons,  but)  by  wedging  bebind  them»  he  brou^ 
^  feet  of  the  truss  ^  inches  Wearer.  The  stcetcbeni 
wife,  liiKhtt  by  U  of  sound  oek^  aad  waU  bat?  witt^ 
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Stood  three  tfmes  thkt  strain.  Mr  Perronet,  fearing  tint 
thd  great  length  of  the  bolts  employed  to  connect  the 
lieams  of  these  stretchers  would  expose  tbem  to  the  risk 
of  behding)  scarfed  the  two  side  pieces  into  the  middle 
piece.  The  scarfing  was  of  the  triangular  kind  (TraU  de 
Jupiter)^  and  only  an  inch  deep,  each  face  being  two  feet 
long,  aiid  the  bolt  passed  through  close  to  the  iangle. 

In  piecing  the  pump  rods,  and  other  wooden  stretchers 
of  great  engines,  do  dependence  is  had  on  searfing ;  and 
the  engineer  connects  «verj  thing  by  iron  straps.  W^ 
doubt  the  popriety  of  thu,  at  least  in  cases  where  the 
^ulk  of  the  wooden  connection  is  not  inconvenient.  These 
^observations  must  suffice  for  the  methoda  employed  fee 
connecting  the  parts  of  a  beam ;  and  we  now  proceed  to 
consider  what  are  more'usually  called  the  joints  of  a  piece 
^f  carpentry. 

525.  Where  the  beama  stand  square  with  each  other,i 
and  the  strains  are  also  square  with  the  beams,  and  in  Che 
plane  of  the  frame,  the  common  mortise  and  tenon  is;  the 
most  perfect  junction.  A  pin  is  generally  put  through 
both,  in  order  to  keep  the  pieces  united,  in  opporftion  to 
aay  force  which  tends  to  part  them.  Every  caFfkntef 
knows  how  to  bore  the  hole  for  this  pin,  *80  that  it  riiail 
draw  the  tenon  tight  into  the  rafortise,  and  cause  the 
ahtiulder  to  butt  close,  and  msdce  neat  work;  and- he 
knows  the  risk  of  tearing  otit  Che  bit  of  the  tenon  beyvnd 
the  pin,  if  he- draw  it  loo  mudh.  We  may  just  observe, 
that  square  boles, and  pins  aiiemmb  pneferable  to-^mund 
cues  for  )his  purpose,  bringfaig  more  of  tbe  wpod  ioCo 
stetion,  with  less  tendency  to  split  it,  Tbe  ihip  terpen- 
ters  have  ah  ^ingeniolis  method  of  making  long  wooden 
bblts,  which  do  not  pass  completely  through)  take  a^ery 
Vast  hold,  though  not  nictiy  fitted  ti^  their  boles,  wUdk 
'they  musttnet  be^  lest  they  should* be.  crq^Ied  in  driving. 
They  c*U  it  foxtta  wedging.-  Th^  stick  into  tbe  point 
i|^  the  bolt  a  v«ry  Uai»  wedgo^of  haid  tfood,  so  ^  lafm^ 
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Jeet  a  profier  instance;  when  thit^  reachet  tfie  bottom  of 
Ae  iiole  bj.  driving  llie  holt,  it  splitie  tke  end  of  it^  and 
•qoeeses  it  ha#d  to  the  ride*  l%t§  viajr  be  practiaed^witlt 
advantage  in  carpentry.  If  tfaitf  eiids  of  the  mbrtbe  are 
widened  fiiwnrds^  and  a  thin  wedge  be  pint  into  the  eikd 
of  the  tenon,  it  will  have  the  flaine  eflfket,  and  make  the 
joint  equal  to  a  doTetoU.  Bat  thii  ritke  the  tplitting^tha 
jriece  feyond  the  shoolder  of  the*  tenon,  wb(db  would  be 
vnrightly.:  Thin  may  be  araidtd  aa  follows:  ^ILet  the 
Unon  T,  Pig.  10.  have,  two  eery  ihin  wedg«i  a  and> 
etiick  in  near  ita  angle%  projecting  equally;  i^  a  Very 
email  dittance  within  these,  ptt  in  two  shorter  ones  ft,  4 
mid  more  witbin  theae  if  nacessarf.  In  driving  thia  t^ 
non,  the  wedges  o  and  c  will  tak^Aiut,  and  spKtoff  a  thin 
dice,  wUbb  will  easity  bend' witbooi  'breaking:'.  Tkt 
wedges  ft,  di  will  act  next,  and  hlive  a  similar  eflfect,  and 
-the  othera  in  suieeession.  The  tliehneai  of  all  the  wedges 
liaken  together  nrast  be  eqai4  to  the  enlargement  of  the 
mortise  toward  the  bottom.  '  . 

When  the  strain  is  transverse  to  Ihe  fdane  of  the  two 
beams,  the  principles  laki  down  in  di^.  article  SrnBifara 
^  MAnifiAi.s,  will  dilpeet'  the  iwtk^  in  placing  his  mow 
tise.  Tbus  the  mortise  in  a  girdei^  for  receiving  the  tet 
«on  of  a*  binding  joist- of  a  flool-  lihOOld  be  as  near  tite 
tipper  side  as  possible,  because  the  girder  becomes  coiv- 
<ave  on  that  ride  by  the  strain.  But  as  this  expdses  thfe 
tenon  of  the  binding  joist  to  die  risk  of  being  torb  <it^ 
we  are  obl^ed  lo  mortise  farther  down.  The  fonn  (Fig. 
IS.)  generally  'girien  to  this  joint  is  extremely  judicious. 
The  slopbig  part  b  ft  gives  a  very  Arm  «nppo#t  to^die  ad- 
ditkinsi  bearing  e  d,  wltfabnt  much  weakening  of  the 
girder.  This  form  -shoald  be  oo|ned  in  e^mj  case  wliere 
the  strain-  has  a  simihtf  direction.   ' 

59S.  The  joint  that  nsoat  ol  al  demands  the  careful 
attention  of  the  artfart,  isi  thai  Which  connects  the  ends  of 
baems,  one  ef 'whi^^  pushes  the  other  refy  obliqoel|^ 
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pattMvU iato a  itate  0f  faMMvioB.  Tfct  mrt  t^mUUtf 
inataoce  of  this  k  the  foot  of  m  rafter  prtisiikg  an  tha  tai^ 
bfUBii  and  therabjr  ^ranAjg*  it  away  (h^m  thtf  athar  mik 
When  the  direction  ia  vevjobliqaa  (in  frhJicheaia  tha 
ntending  strain  is  tha  graatettt),  it  is  diffi^nit  feo  fire  tbt 
lofat  of  the  lafter  sveh  a  hold  of  th^  tkMieam  as  to  briig 
many  of  its  fibres  ittto  the  proper  aattOa*  There  sroaM 
he  litda.  diffiealty  if  we  oottU  allovr  tha  iwil  af  «ha  tia^ 
heam  tb  project  to  a  ^Mall  distttca  befvmd  the  £sat  af 
ibe  safker :  but,  indeed^  Iha  dimemiont.^hieb  ut  given 
io  Iie4)aaaia^  far  other  raaaans#  ^ra  ahf aya  snAtdatit  la 
fire  enough  of  abvtnent  whan  jadiiotoDdy  attipioyadi^ 
Unfoitenatdy  thift  joint  ia  aMaoh  aspasad  to  faihiie  hjf 
(the  effecU  of  the  weather.  It  is  miach  «xp<fiad»  aftd  fia^ 
fdently  perishai  by  mtt  or  becomes  m^  soft  and  friabto 
that  a  very  smaU  t9f^  is  snfficientt  eilhf r  for  puiliag  thp 
filam^ts  am  af  the  tle*beaai»  or  lar  amshing  thavn  togp^ 
ther.  We  are  tharaAare  aW^ged  to  secure  it  with  parti^ 
cular  attention,  and  to  avail  oursalfea  pf  every  cirenm- 
stance  ofisonstrtictiofi. 

One  is  natundly  disposed  to  ^ve  the  rafiker  a  daq^  hold 
hf  a  long  teqan;  bi^  it  haa  bean  freqiieiitly  obperrad  ip 
Mid  n>ofs  that  such  leaons  break  off*  nraqaently  thsgr 
are  obsenred  to  tear  np  the  wood  that  is  above  thens  and 
^ush  their  way  through  the  endiof  the  tie-beam.  Thi% 
ittraU  prohabaity^  arisM  from  die  first  ftfpng  irf*  the  rofi^ 
by  the  aoai^prassian  4tf  tha  rafters  and  of  tiie  haad  pf  the 
kiiig  past  The  head  of  (be  rafter  deaseads,  tha  ai^ 
With  the  tfcbcam  is  dimiaishad  l^  the  rafter  iwolring 
iound  its  step  in  iha  tie-beam.  By  this  motion  the  heel 
ak  ianer  aftghi.of  the  rafter  baeam^a  a  fnknwi  ta  a  vaiy 
long  and  powaiful  lev^  mnshlaad»d.  The  taaouls  tha 
pther  arm,  very  short,  aad  hetag  atai£n»di».i^^.diar»- 
fare  %ttj  paWarfiiL  It  thatafara  fisrees  up  the  vood  that 
is  ebora  it,  tearing  it  <)iit  «mm  bHweeo  thd  diaafcs  of  Iha 
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ttiirfiMtt  gi^wiiiplMg  iopa^  fmA  ^v^  tp  tky  j^  of  ike 
tmm  mIm^  ir|iigih,^4iiata!§mlj,  ID  the  dlirecticm  o^  tk^ 
tWlMMttntftf  wHdMtom^  A^  «Mftkiv  wbicJ^UweU 
•lifpe0t0i4A4hfi;iui4eriid«lvt^^  X|#ffni| 

luM  tike  farther  adrentage  of  Jia?ing  no  tendeney  to  taaf 
li^tl*  endof  Hi^  omrtiM.  UKn«ireteiitadiii  Figt'i4 
tffce  teMQ  hm  a  8MaH;piHrtM»a(ciil  peqieadicolior  t» 
th^  fttrfeetiof  (te  iMiaaiy  ami  the  arest  ^  «  ia  jperpeodi* 
mfaiPiotiievefm 

But  if  tbft  ttapii  UlMt  MiflMeailjr  atroogX^od  it  is  net 
eo  stroog  at  Ae  rafter*  .wbicb.  :it*  tbooglit  not  to  bp 
atrHoi^  Iken  it  ^Mwesaary),  it  wiU  b^  cnuhed,  -apd  then 
|fce«i(Ur  win  Miade  <nit  aloi«.  the  anrGMe  of  the  beaan, 
it  fe  thaitfort*  ipQcoitingr  to  ceil  in  the  aiaietaoeeof  thf 
^faete  nAer^  It  fp  jte  ihit  ^istrihakion  of  the  9lnm 
alMPg  Ibe  ^lariooe  abutting  |)erta  that  the  Tarietietof 
JtfiBta  «nd  tiiejr  «lf rile  chieflj  eonaiet  It  woiiM  be  eodt 
laia  Id  4Mvibe  ^^My  aoetnmii  and  we  ehidl  onljr  aM|> 
tMi  a  feir  Ibut  ave  ipost  geaeiiiUj  appfoved  of. 

£87,  Tbe^im  in  Fig,  16,  u  1^  make  the abutmeirta  e» 
Md|r  fekpentfioplar  to  thu  thnipti;  It  does  this  rery  pre- 
cis^ ;  and  the  share  which  the  tenon  an4  the  shooUler 
banr«  of  the  wkek  tnafbe  whet  wo  please,  bgr  the  portion 
Hf  the  beein  that  wo  iiotfih  down*  If  the  wail-piftto  lie 
^vHj  beftm  4be  heel  of  the  faftfr,  Iheri^  is  no  risk  0f 
•etoehiiiig  the  ti^  mmms  at  brmkingit^  beceuse  th^  thnn^ 
is  nodtf  direet  to  t)iat  point  where  fbe  beam  is  aopported. 
Thea0lMNi'iatbeaeese|ni^ahsft  tbs  joggle  on  (he  baed 
.or  tet  of  tt  Mpg^fioet,  We  heive  910  doubt  bat  that  this 
is  n  i^erjr  efteeloat  joint;  It  is  not*  hotfr^rer^  mncb  prao- 
^Ifli^d*  It  ia  seid  that  the  shaping  seem  atthe^shouldar 
•hi^ieswat^ri  bat  the  great  reason  seems  to  be  a  secret 
1llitionth^titrweiihefMthetie4Mam»  If  we  consider  tbie 
iVreetipii  in  whi^4t«oetsas  n^ie^  we  must  pcknowlodff 
tkiat  this  f Ofns  takes  Ihe  best  metM  f«r  fafii^ps«  thi^ 
Wkoi^  of  it  inta  9Qtion. 
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'fijg.  KH  exbfllils  a  fbm  dmf  m  mwt  gtaeni,  bat 
tmnlf  tfoi^e.  What  part  df  the  thrasi  4lMit  it  ml  ImrM 
bj  the  fenpn  seta  oMlqttcfy  oft  the  joiirt  HT  the  ahaliMer; 
and  gCrei  the  wholto  a  teiidteey  toite^il|>'lUHi  ilide  imU 
ward. '     * 

The  sbealder  joint  it  Sometimes  formeil  like  the  dettad 
Kne abed efg of  Fig.  16.  This  is  mudk  iiiore  agree* 
able  to  the  thie  prineipl^,  aad  wmfld  be  a  veryperliwl 
method,  were  it  not  that  the  interrals  b  d  «Md  iftt»90 
short  that  the  little  wooden  triangles  hcd^dtf^  will  be 
easif J  pushed  off  their  bases  h  d^  df.       •  ^   ' 

Fig.  17.  seems  to  liave  the  most  general  approbation; 
It  is  the  j(Hnt  recommended  by  Price,  aiid  copied  into  A 
books  of  earpentrj  as  the  truej^ni  (&t  a  rafter  foot.  The 
visible  shoulder-joint  is  flush  widfe  liie  upper  sorfaee  oC 
the  tie-beifm.  The  angle  of  the  tenon  at  the  tie  nesaty 
bisects  the  obtuse  angle  formed  by  tflte  rafter  and  the 
beam V  and  n  theiiefore  somewhat  oUiqoetothe  thmsl 
The  inner  shoulder  a  c  is  nearly  perpendleular  to  idL 
The  lower  angle  ci  the  tenon*  is  ent  offborinMitattj  as  at 
e  d.  Fig.  18.  is  a  section  of  the  beam  and  rallar  4dot^ 
shewing  the  diflbrent  shouldov.  » 

We  do  not  pererf^  the  peeolinr  merit  of  this  joint. 
The  effect  of  the  three  oUiqoe  abutments  a  &,  a  c,  e  d,  is 
midottbtedly  to  make  the  whole  bear  on  the  outer  end  of 
the  mortise,  and  there  is  no  othtor  i>art  of  the  tie*beam 
that  makes  immediate  resbtanca  Its  only  advantage 
over  a  tenon  extending  in  the  direction  of  Ibe  tlmist  is, 
that  it  win  not  tear  up  the  wood  above  it.  Had  the  te* 
nef  shoulder  had  the  form  e  e  t,  having  its  face  io  pep« 
pendicttlar,  it  would  certainly  have  acted  mm^  powerfaiijr 
in  stretching  many  filaments  of  the  tie4>eam,  and  wooM 
have  had  much  less  tendency  to  force  out  the  end  of  Hii^ 
m<Mise.  The  little  bit  c  t  would  have  prevented  the 
eliding  upwards  along  e  c.    At  any  rate,  the  joint  4  ft  bo. 
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mi  UieidMMldefiii  e. 

f%;  17*  Mn  S.  is  a  suspbr^  and,  i»ov  opinioii,  •  fi9>^ 
farabkjoiiit  W6olMitttttpri<AMd  bftbenuM  tmi^ 
Miit  cifpciitan  faff  dl  dbliqiie  thnuU ;  but  it  tiirelj  «Bi^ 
pkqrsMnof  tht  oatoioaof  the  lie4Mm IhM  Biigkt  be 
Hied  wkliMt  weekemag  it,  at  leeit  wkeo  it  is  eapported 
«•  Ifce  albec  ttde.  by  the  walkfriaUL 
.tSig.  lf«  Ifa.  a  is  alio  aiaeh  pasetised  by  tbe  filst  csiw 


Fig.  M.  is  pro|Misad^bylfrNioholseiiaspi^trable4a 
Sig.  17.  JKa  A. because :tbeabataMPt of  the  iaotr  part  is 
sapperted.  Thb  is  aortaialy  the  ease ;  but  tl  sup- 
tbeadboleflaAsrlofetotbBbattDaiof  the  saeket, 
aad  the  beam  fa  be^tUehar  then  the  fafter*  Some  may 
UMikthel  thb  Witt  w^a  lbs  beam  too ameb,  wbeait 
as  no  hvoader  than  the^mfter  is  thick ;  in  which  cose  4bey 
4hiakthatitfeqaiMsadesper  eooket  than  NiohobaB  hai 
given  it  Perhepstfae  advaAtagts  of  Nkhabon's  oea- 
itmeUon  msgibe  bed  by  ajoiM  like  Fig.  1&  Ho^fL 

.'Jea  WhaleveD  b  the  feon  ^  these  batting  joints, 
greeteaie  should  be  takda  thataU  parts  bsar>dUke,  aad 
^beartfat  wi>  atleadtotbe  magnitadaof  the  diffeient 
aaifiM^s.  In  the  gteeial  reajprfadsn,  the  giaatar  sarfaces 
willibe  Ibis  oampiassed,  aad  the  sonller  will  tbecafbce 
rhsay  meat.  When  all  has  setUed,  etrcry  part  should 
4ie  a|M%  dose*  Becaase  gfaatlagi  ace  movedr  with 
diffiailty,-it  is  irery  taaablesome  to  Icy  the  joint  fneqaMt- 
ly  to  aee  hew  the  pacts  fit ;  tfierafore  we  mast  expect  lets 
aaftarasy  in.the  interior  parts.  Thb  should  make  as  pr»- 
Isr^lhnse.  jeinU  wheae  eflkacy  depends  chbfly  on  the  ti* 

It  Appeeri  fromall  thbt  we  hare  said  on  thb  salyect, 
thataircrysamll  paitof  the  aehesionof  the  tie-beam  pa 
^^afieient  for  withstanding  the  honaontal  thrast  of  a  roof; 
even  though  very  low  pitched.    If^  thereiore^  no  other 
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umi$m$aBot  Ac  till fctM,  Tn— A  ilMteerMtfte 
used,  and  Mocks  nuij  be  fimlj  fixed  tm  Ife  Mdi^  M 
wkli^  tim  MOtan urigbl  sbpt, .«  ikej  do  nite  jfi^tei 
Mtbe  bead  Md  fooler  a  l|ia|e^f^  AMioiigk  »|Mta« 
Imw  coflHHiaijF  ioora  ot  oeilnigs  to  (smwfi  oad.  ifflNtiant 
the  woffkiliof  ■  md  atoite-foomo  tf  a  tfcaatiOf  a»d  ihtBrfwf 
itqairot  a  great  toanlUiig,  yet  tktn  fceyicirtly  oeciirM 
miicfaiaes  and  engines  very  jobKqw  ale^ditie;'  uli^kMV 
oo  oilier  effic«t  m'  if  gencntty  nada  W  Ammdaof 
quite  iaade9iale  to  their  situatioa^  oftcft  ronfaiiii»y  lif 
tiiMa  tkt  aeeessary  quantity  of  tkihipr.  .  liis  tfwrciMne 
of  inpeitaaoe  to  aitulain  ibe  laort  feribd 
enectttiAg  sueh  a  jetni,  We  haire  direeCed  mt 
totbe  pieaciples  tbat  ast  reaHby  eoMtrMd  bi  tbe 
In  all  haaardoos  oaaa%  Iho  OMpmler  cala  ia  the 
anee  of  iron  straps  i  and  tiwy  are  ireqeeatly 
even  ift  wwitk^  aotwithstandhig  tbie  sfiewbuBdairt  etvengib 
«f  tbe  tie-beam.  Bel  this  it  geMra^  oirteg  to  bad  eo»* 
etvtteliott  of  die  wooden  jeintt  or  lo  IM  ieihira  of  il  iny 
lime.    Straps  will  be  oensideivd  in  tMrfb^t* 

Thfom  needs  bat  litde  to  be  said  of  Ibo  joinis  el  a 
foggle  worked  oat  of  solid  linaber ;  iftey  am  not  near  ea 
4ifBvuU  ae  the  last  When  tbe  siae  af  a  leg  w«  aHalv 
ehe  joggle  to  reeeiee  Ibe  whale  basadtb  of  the 
lMraoe»  it  ought cetlainly  to  be  made  with  aeqaai 
4cr ;  oK»  which  is  stiU  beHer,  an  arab  of  a  ebrele^  bariag 
iheoibereadef  Ibebsacaforstseeatre.  lodtod  Ibieiii 
-general  wW  not  sepsibiy  diier  ftaai  a  straight  liae  pan* 
fendiooler  to  the  biaoe.  By  Ibis  diaabur  fevm»  Ibe  set 
lliilgef  themf  makeaaocbaii^ialhe  abala^al;  bat 
whea  there  b  not  sui|cient  stoflF  for  tbis^  aw  mail  amid 
herd  joints  at  the  shoulders,  because  these  always  lead 
to  akake  the  braoe  slide  oflP.  The  beaee  ia  F%.  jM..  mast 
not. be  joiaed  aaat  a,  bat  as  at  A,  or  aease  eqoiralsnl 
maaaer.  Observe  tbjp  jomts  at  the  head  of  tbe  mam  posU 
4»f  Drury  Laae  Theati^,  Fig«  D. 
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of earpenf  ry  doct  not  ettend  twit  compress  1^  piecjeon  whhA 
it  abaii  (as  i&  PItfte  VL  Fig;  11.),  Hken  is  no  difficoUj 
itt  Ae  joint  Indeed  a  jotaiiifg  is  umeonnarjr,  and  it  is 
Moii|[h  that  file  pleess  ai^t  on  eaeli  otiier;  and  we  bare 
only  to  take  Oare  that  the  mulval  pressure  be  eqoeilj 
borne  by  ^U  the  parU,  and  that  it  do  not  prodiioe  latersl 
pressnrss,  whieh  may  cause  one  of  the  pieces  to  slide  M 
tiie  botthg  joint  A  Tery  slight  mortise  and  tenon  is 
sufficient  at  the  jt)ggle  (rf*  a  king-post  with  a  rafter  or 
itraiaing  beam.  It  is  best,  in  general,  to  make  the  but* 
ting  plain,  bisecting  the  angle  formed  by  the  sides,  or  eis^ 
perpendicnlar  to  one  of  the  pieces.  In  Pig.  90.  No.  2.  wlMia 
the  straining  beam  a  b  cannot  slip  away  from  the  pressure, 
-the  joint  a  is  preferable  to  ft,  or  indeed  to  any  one? eii 
joint,  which  nerer  fails  to  prinhioe  very  uneqwl  presmnree 
on  the  different  parts,  by  which  some  are  crippled,  othcn 
are  s|ri{ntered  ofl^  be. 

fiSO.  When  it  is  nccesaary  to  em|4ey  ireii  streps  Ibr 
-strengthening  a  joittt,  a  oonsiderdble  attention  is  neces- 
sary, that  wo  may  place  them  psoperly.  The  tvst  thing 
to  be  detanmned  is  the  dhrecSion  of  -  the  strain.  This  is 
ieamed  by  the  observations  in  the  beginning  of  this  ar- 
ticle. We  must  then  resolve  this  strain  Into  a  strain  pa* 
lallel  to  each  jHCce,  and  another  perpeadicolar  to  it 
Thett  the  strap  whidi  b  to  be  noade  fast  to  any  of  the 
pieces  most  be  so  fixed,  that  it  shall  resist  in  the  diaection 
parallel  to  the  piece.  Frequently  this  cannot  be  done; 
but  we  must  oooae  as  near  to  it  as  we  can.  In  such  cases 
we  must  suppose  that  the  assemblage  yields  a  little  to  the 
pressures  which  act  on  it.  We  must  examine  what 
change  of  shape  a  smalt  yielding  will  produce.  We  most 
now  see  bow  this  will  irfftct  the  bran  strap  which  we  liaue 
atoeady  supposed  attached  to  the  jobt  in  some  aaaaaar 
that  we  thought  suitaUe.  This  seMling  w^  perhaps  draw 
the  pieces  a(ray  from  it,  leaving  it  loose  and  unsenri^eable 
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secure  the  obUuie  .angles  of  bultjog  tim|iH'8»  wbea  ihek 
bolU  are  at  lom^  4i8.tapee  fro^i  tl|e  ,mg\eh  e^ieciaUj 
jrbe9  ii>e99  pUt^  are  J|ud  ^  the  iasida  of  the  angles) ; 
^r  it  m^j  eau^  it  to  leou^piress  the  pieces  border  than  be* 
li»re;  in^  which  case  it  is  aaswefiiig  our  inUfntion.  But 
it  may  he  produoing  cress  straiiis»  wl^ich  nmj  break  tbem ; 
oi;  it  max  be  cripplaig  them.  We  eaa  hardly  gi?«  a&j 
general  rules;  but  the  reader  will  do  weU  to  read  what 
is  /uid  in  the  article  Boqf.  He  will  there  see  the 
nature. of  the  strap  or  stirrup^  by  which  the  king^post 
conies  tbe  .tie*beam.  The  strap  that  we  observe  most 
ge^fo^ajij  ill  placed  as  that  which  connects  the  foot  of 
.the  .rafter  ^iththe  beam.  It  only  binds  down  the  ra£- 
ter^  but  does  not  act  /^[^inst  its  horijsontal  thrust.  It 
should  be  placed  farther  back  on  the  beam,  with  a  bolt 
through  it>  which  wiU  allow  it  to  turn  round.  It  should 
embrace  the  rafter  almost  horizontally  near  thf  foot,  an4 
should  be  notched  scpiai^  with  the  back  of  the  raflter. 
.JBuch  a  construction  is  represented  in  Fig.  81*  By  mov-» 
ing  round  the  eye^bolt,  it  follows  the  rafter^  and  cannot 
pinch  and  cripple  it,  whiqb  it  always  does  in  its;  ordinary 
form.  We  are  of  opinion  that  straps  which  h8(ve  eye- 
bolts  iv  the  very  angles,  and  allow  all  motion  round  them, 
are  of  all  the  most  perfect  A  branched  strap,  such  as 
may  at  once  bind  the  king-post  and  the  two  braces  whicli 
butt  on  its  foot,  will  be  moiie  servieeabje  if  it  have  a  joint. 
When  a  roof  warps^  those  brinched  straps  frequently 
break  the  tenons,  by  affording  a  fulcrum  in  one  of  their 
boUi.  An  attentive  and  judicious  artist  will  consider  how 
the.  beams  will  act  on  jiuch  occasions,  and  will  avoid  giy* 
'ing  rise  to  these  great  strains,  by  levers.  A  skilful  car- 
lienter  never,  employs  .many.straps,  considering  them  as 
•  auxiliaries  foreign  to  his  ari,  and  sul)|ect  to  imperfections 
^.workmanship; which' he  cannot  discern  nor  amend.  We 
-"ianst  refer  the  reader  tQ.-Nicholson^s  Cart^lsjmk  and  J5>ta* 
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rious  forms  of  8tirrqp^:«:9(iw«l):^lt  itfM^  irWI  W<^ 

for  carrying  tie-beams^  &c. 

As'fertkosiethattm  ^ec^nuyibr  the- tui^tng  jourts 
of  great  -engines  constructed  of  timber/ tiM)r  make  no 
part  of  the  art  t>f  carpentry; 

SSh  After  baring  attempted  to  girt  a  systeinalie  ri^ 
dF  ttie  principles  of  framing  carpentry^  we  shaH  conchide^ 
by  ^mng  some  etamples  which  will  iDiisiMite  and  coitb- 
firm' theforegoing prhidples.  ^  *  '^' 

<89.  ^ig.  1.  Plate  Vnr.  is  the  roof  of  the  diaptil  of  ibl 
Rojfil  I^osj^itai  at  Greenwich^  coostmcted  bjr  9$?  S.  Wyatt 

Incl^  Sc»ntliny> 

AA,  I^  t|^^  tie-beam^  ^T.  A^,^  ^^i*  spam^iag  51 

feetcl^r •.,..•• v*»f ^w.H  by  W 

CC,  Queen-poste ...9x18 

B,  Braces * ^....9xi 

%  Truss  beam..^ .:.^ ......lOxJ 

F,  Straining  piece.. !..'...; '. 6x7 

G,  Principal  rafters* lOxt 

H,  A  cambered  beam  for  the  platform*.. « i,..9.7 

B,  An  iron  string,  supporting  the  tie-beam «.8xS 

The  trusses  are  7  feet  ^pant,  and  Ae  whole  is  covere4 
with  lead,  the  boarding  Ning  supported  by  honmntal 
ledgers,  &,  A,  of  6  by  4  inches. 

This  is  a  beautiful  roof,  and  contains  less  timber  than 
most  others  of  the  same  dimensions.  The  parts  are  all  dis* 
posed  with  great  judgment.  Perhaps  the  iron  rod  b  un- 
necessary ;  but  it  adds  great  stiffness  to  the  whole. 

The  iron  straps  at  the  rafter  feet  would  have  bad  more 
effect  if  not  so  oblique.  Those^it  the  head  of  the  p)sts 
are  very  effective. 

We  may  observe,  however,  that  the  joints  between  the 
straining  beam  and  its  braces  are  not  of  the  best  kind, 
and  tend  to  bruise  both  the  straining  beam  and  the  truss 
beam  above  it. 

▼OL.  I,  g  If 
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BSS.  Pig.  9.  is  the  nxrf*  of  St  PauTs,  Cdr^nt  Garden^ 
constructed  by  Mr  Wapshot  in  1796. 

iVA,  Tie-beam,  spanning  50  feet  2  inches ...leje 

JS,  Queen-poet...^.. 9x8 

C,  Truss  beam -10x8 

D^  King-post  (14  at  the  joggle) , 9x8 

E,  Brace 8x74 

JFF,  Principal  brace  (at  ^ttom) 10x8^ 

HH,  Prmcipal  rafter  (at  bottom) 10x8^ 

gg^  Stiids  svpporting  the  rafter. 8x8 

This  roof  far  excels  the  original  one  put  up  by  Inigo^ 
iTones.  One  of  its  trusses  contains  198  feet  of  timber. 
One  of  the  old  roof  had  273,  but  had  many  inactive  tim- 
.Ws,  add  others  ill  disposed  *•  The  internal  truss  FCF  is 
admirably  contrived  for  supporting  the  exterior  rafters, 
without  any  pressure  on  the  far  projecting  ends  of  the 
tie-beam.  The  former  roof  had  bent  them  greatly,  so  as 
to  appear  ungraceful. 

We  think  that  the  camber  (six  inches)  of  the  tie-beam 
is  rather  hurtful ;  because,  by  settling,  the  beam  length- 
ens ;  and  this  must  be  accompanied  by  a  considerable  sink- 
ing of  the  roof.    This  will  appear  by  calculation. 

SSi.  Fig.  3.  is  the  roof  of  Birmingham  Theatre,  con- 
structed by  Mr  George  Saunders.  The  span  is  80  feet 
clear,  and  the  trusses  are  10  feet  apart. 

A,  Is  an  oak  corbel...' ; 9x5 

B,  Inner  plate .• 9x9 

C,  Wall  pUte. 8x5^ 

D,  Pole  plate .7x6 

E,  Beam '. 16x15 

F,  Straining  beam 12x9» 

*  The  Sgure  of  Ihigo  Joneft*s  roof,  given  in  the  Encyclopedia  Britan- 
tiica,  art.  Roor,  Pig.  22.  is  veiy  erroneous.    Ed. 
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*,  Oak  klhg^pofli  (ito  the  shaft).: :..;;..:.;..:., .9x9 

H,  Oak  queen-posl  (ifl  the  shaft)..;. i... 7x9  ' 

I,  Principal  rafters.:. .:..;..;;.....i : 9xd 

KjCoiumoti  ditto..;...:; ;..;..;;. ....,.; !;...;:4x2# 

L,  Principal  braces ;.: ^9  and  6x9 

M,  Comnum  ditto.;.;..; ; ;: 6x9 

N,  Puriins ; ; 7x5 

Q,  Straining  MIL;.;.;.;..;...:.......; ..;;-...; 5^x9 

This  Tobf  is  a  fine  sjiecimeh  of  British  carpentty^  and 
is  one  of  the  boldest  and  lightest  roofs  in  IJurope.  The 
atraining  sill  Q  gives  a  firm  abutment,  to  the  principal 
braces,  and  the  space  between  the  posts  iai9}  feet  Wide^ 
affording  *  roohoj  workshops  for  the  carpenters  and  other 
workmen  connected  with  a  theatre.  The  contrivance  for. 
taking  double  hold  of  the  wall^  which  is  veiy  thin,  is  er- 
cdlent.  There  is  also  added  a  bekm  (marked  B),  bolted 
down  to. the  tie-beams;  The  inteotibn  of  this  was  to 
preveiit  the  total  failure  of  so  bold  a  trussing^  if  any  of 
the  tie-beams  should  fail  at  the  ei|d  bjr  rot;  .  . 

535.  Akitf  to  this  is  Fig.  4.,  the  roof  of  Drurj  Lane 
theatre^  80rfeel  S.incheft  in  the  clear,  and  the  trusses  15 
feet  apArt^  constmtted  by  Mr  Edward  Orej  Saunders; 

A)  Beams.;;..;.*;. :..;.......;.;•..;.;... ..«..:.......i...».10  by  7 

B,  Rafters ; ; 7x7 

C,  King^pdsts.,.;...;..,.; ;..;..:.;.-..;.... 12xT 

pi  StruU ;....; i -..;....^x7 

E,  Piirlins..;.:. .;..;..;..:...;....;,..:....:...... -i 9x5 

bv  Pole  plates....;...;...;.;.; .;...- .5x5 

I9  Cotaiihion  rafters..;...}...^ ;.4.......i....i ; 5x4 

Ky  Tie-beam  to  the  main  truss i 15x13 

L,  Posts  to  ditto...;...;....;..;..,*.*. ....15xlS 

M^  Principal  braces  to  ditto 14  and  12x18 

N,  Sthits..;...; ; , ; 8xl« 

P,  Straining  beams..... ; .....12x1? 
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The  nnun  beam^  are  trussed  in  the  middle  9fMt  nitk 
oak  trusses  £  inches  square.  Thia  ^aa  neoesaaty^  fot  its 
width  of  33  feet,  occupied  hj  the. caqieaten^  pMUtarst 
kc.  The  great  space  hetweea  the.  tnmes  affiirds  gaod 
atorf^noomfl)  dressing-rooms,  &&. 

It  is  probable  that  this  roof  has  not  ita  e^ualiathe 
world  for  lightness,  stiffness,  and  strength*  The  tAsin 
truss  is  so  judiciously  framed,  that  each  of  thcpa  will  aafi»« 
ly  bear  a  load  of  near  900  tons  ;  so  it  is  not  likely  that 
they  will  ever  be  quarter  loaded^  The  dirlsioo  of  the 
whole  into  three  parts  makes  the  exterior  roofings  veiy 
fight  The  strains  are  admirably  kept  fipom  the  waiiSy 
and  the  waBs  ai^  even  firmly  bound  together  by  the  roof. 
They  also  take  off  the  dead  weight  from  the  main  tnisa 
one-third.  * 

536.  The  intelligent  reader  will  perceive  that  M  these 
roofs  are  on  one  principle,  depending  on  a  truss  of  three 
pieces  and  a  straight  tie-beam.  This  is  indeed  the  greal 
principle  of  a  truss,  and  is  a  step  beyond  the  ro6f  "miik 
two  rafters  and  a  king-post.  It  adnnts  of  much  gnealer 
Tariety  of  fbrms,  and  of  greater  extent.  Wi  may  see 
that  even  the'  middle  part  may  be  earned  to  any  spaoe^ 
and  yet  be  iSat  at  top ;  for  the  truss  beato  may  bt  sup« 
ported  in  the  middle  by  an  inverted  king-post  (of  timber, 
not  iron),  carried  by  iron  or  wooden  ties  from  its  Atre- 
mittes.:  And  ihe^same  ties. may  carry  the  horisontal'tiew 
beam  K;  for  till  K  be  tom.asunder,  or  M,  M^aod  P  be 
Crippled,  nothing  can  fail 

The  roof,  of  St  Martinis  church  in  the  Fields,  is  icon* 
structed  on  good  principles,  and.  every  piece  properly  die* 
posed,  But  although  its  .span  does  not  exceed  40  feet 
from  column  to  column,  it  Oontsbs  moit  tinUber  m  a 
truss  than  there  is  in  one  of  Drury  Lane  theatre.  The 
iroof  of  the  chapel  at  Greenwich,  that  of  St  PanTii,  Cb- 
Vent  Garden,  that  of  Birmingham,  and  that  of  Drury 
Lane  theatres,  form  a  series  gradually  more  perfect 
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ftofA  .tfp^mens  nffbrd  eiEcelleBt  iMpns  to  the  aribts. 
We  ihierAfore  account  tbem  a  useful   present  to  the. 

*£37*  There  is  i^  vepf  ing^iorus  prefect  offered  to  the 
pvli^ic  hy  Mr  Nicholson  (C^ir^eifter't  AbsuUoU^  p.  68,)  £(e 
piToppses  irpnjrodf.fpf  i|i|gtpost$5  queen-posts,  and  a)l 
pther  sUiiAtioas  wl^ere' beams  perform  tlie  office  of  tief. 
This  is^n  proseciitioa  of  the  notions  ^hich  we  have  given 
ioitb^  mrtkle  Boov.  He  receives  the  feet  of  the  braces 
#Bd.  struts  in  4  socket  yej7  well  connected  with  the  fe€^ 
pf  hi|  iron  kia|^fK3is|i',s#d  he  secures  the.  foot  of  h^ 
queeoF^jloats  from  b^ifig  pushed  inw^ds,  by  interposing  ^ 
stri^nisg  silL  He  do^s  s^t  ev^n  morlise  the  foot  of  his 
principal  rafter  into,  the  ^ead  of  the  tieJieam^  but  sets  it 
in  a  socket  like  a  shoe,  i^  the  end  of  lau  iron  bar,  which 
is  bolted  into  the  tie*>beaiu  a  good  way  back.  All  the 
parts  are  formed  iiod  disposed  with  tl|e  precision  of  a  per- 
^0  tborougWjr  aci|uaiBied.  with  the  subject ;  and  we  have 
Slot  the.  smallest  .doubt  of  the  success  of  the  project,  and 
ibe  complete  security  and  durability  of  his  roofs,  and  we 
aspect  to  see  maey  of  them  executed.  We  abound  in 
iron,  but  n^e  mu^.send  abroad  for  building  timber.  This 
is  therefore  a  valuable  project ;  at  the  same  time,  how-> 
ever,  let  iis  not  over«-rate  its  value*  Iron  u  but  about  12 
times  stronger  than  red  6r,  and  ia  more  than  12  times 
heavier;  nor  is  it  ph^aper^  weight  for  weight,  or  strength 
for  strength. 

Our  iUustratioiu;  and  examples  have  been  chiefly  taken 
from  jrbofs,^  because  they  are  the  most  familiar  instances 
of  tte  difficult  proUepis  of  the  art.  We  could  have  wish* 
ed  for  more  room  ev^ii  on  this  subject.  The  construc- 
tion, of  dome  roofs  has  been  (we  think)  mistaken^  and 
the  difficulty  is  n^ch  less  than  is  imagined.  We  mean 
i^  respect  of  strength ;  for  we  grant  that  the  obliquity  qf 
ihe  joints,  aod  a  gomv^  intricacy ,,  increases  (ha  trou]|^la 
#f  irorkman^hip  exceediogly. 
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•'  I9S.  Wbodei>  bridges  fonn  anotlier  dass  eqtMj  difil 
avit  and  important;  bvit  our  limits  are  already  overpassed^ 
and  will  not  admit  them.  The  principle  <m  which  the^f 
^boQld  all  be  constructed^  withoat  exception,  is  that  of 
a  truss,  avoiding  all  lateral  beariiigs  on  any  of  the  timf 
'bers.  In  the  applil»tion  of  this  principle,  we  most  te- 
ther remark,  that  the  angles  of  bur  truss  should  1>e  as 
acute  as  possible;  therefore  we  should  make  it  of  as  few 
and  as  lon^- pieces  as  we  can,  taking  care  to  prerent  the 
bending  of  the  truss  beams  bj  bridles,  which  embrace 
them,  but  without  pressing  them  to  either  side.  Wben  ' 
^he  truss  consists  of  many  pieces^  the  angles  are  rery  ob- 
tuse ;  and  the  thrusts  increase  neariy  in  the  duplicate  pro* 
portion  of  the  number  of  angles*  '  The  proper  maxima . 
'will  readily  occur  to  the  artist  who  cctnsiders  with  attai« 
tion  the  specimens  of  centres  or  coombs,  which  we  shaM 
give  when  treating  the  subject  of  Cbhtebs. 

539.  With  respect  to  ihe  frames  of  carpentry  whick 
occur  in  engines  and  great  machines,  the  rarieties  are 
auch  that  it  would  require  a  volume  to  treat  of  thempror 
perly.  The  principles  are  already  laid  down ;  and  if  the 
reader  be  really  interestedl  in  the  study,  he  will  engage  in 
it  with  seriousness,  and  cannot  fail  of  being  instructed. 
We  recommend  to  his  consideration,  as  a  specimen  of 
what  may  be  done  in  this  way,  the  working  beam  of 
Homblower^s  steam-engine.  When  Ae  beam  must  act 
by  chains  hung  from  the  upper  end  of  arch  beads,  the 
framing  there  given  seems  Tery  scientifically  constructed ; 
at  the  same  time,  we  think  that  a  strap  of  wrought  iron, 
reaching  the  whole  length  of  the  upper  bar,  would  be 
vastly  preferable  to  those  partial  plates  which  the  engi- 
neec  has  put  there,  for  the  bolts  will  soon  work  kx>se. 
*  But  when  arches  are  not  necessary,  the  form  employed 
by  Mr  Watt  is  vastly  prderable,  both  for  simplicity  and 
for  strength.  It  conai9ts  of  a  simple  beam  AB  (Fig.  6.) 
tiavittf  the  gudgeon  C  on  the  upper  aide.   The  two  pistom 
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fodfl  are  atteched  to  wrought  iron  joints  k  and  B.  Two 
strong  struts  DC,  EC,  rest  on  the  upper  side  of  the  gud« 
geon,  and  carry  an  iron  string  ADEB,  consisting  of  three 
pieces,  connected  with  the  struts  bj  proper  joints  of 
wrought  iron.  A  more  minute'  de8cri|>tion  b  not  needed 
for  a  clear  conception  of  the  principle.  No  part  of  this 
IS  exposed  to  a  cross  strain ;  even  the  beam  AB  might  be 
sawed  through  at  the  middle.  The  iron  string  is  the  only 
part  which  is  stretched;  for  AC,  PC,  EC,  BC,  are  all 
in  a  state  of  compression.  We  have  made  the  angles 
equal,  that  all  may  be  as  great  as  possible,  and  the  pres- 
sure on  the  struts  and  strings  a  minimum.  Mr  Watt 
makes  them  much  lower,  as  A  d  e  B,  or  A .)  i  B.  But  this 
is  for  economy,  because  the  strength  is  almost  insuper-* 
able.  It  might  be  made  with  wooden  strings ;  but  the 
workmanship  4>f  the  joints  would  more  than  compensate 
the  cheapness  of  the  materiab. 

540.  We  offer  this  article  to  the  public  with  deference, 
and  we  hope  for  an  indulgent  reception  of  our  essay  on  a 
subject  which  is  in  a  manner  new,  and  would  require 
much  study.  We  have  bestowed  our  chief  attention  on 
the  strength  of  the  construction,  because  it  b  here  that 
persons  of  the  profession  have  the  most  scanty  informiv- 
tion.  We  beg  them  not  to  consider  our  observations  as 
too  refined^  and  that  they  will  study  them  with  care. 
One  principle  runs  through  the  whole ;  and  when  that  b 
clearly  conceived  and  familiar  to  the  mind,  we  venture  to 
say  that  the  practitioner  will  find  it  of  easy  applicationji 
and  that  he  will  improve  every  performance  by  a  contv« 
nual  reference  (o  it« 
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Mf .  Tbb  #(Ard  1l6bw  etpress^s  t&e  covering  of  a  hous^ 
or  biiildiitg,  by  whit;h  its  inhabitants  or  contents  nre  pro^ 
teded  firbm  the  injuries  6(  the  weather.  TUe  iGrreiekB^ 
who  have  perhaps  excelled  all  nations  in  taiite,  and  wfad 
have  given  the  most  perfectmodel  of  architectohic  ordon- 
fiance  within  a  certain  litnit>  ireTer  erected  a  btiildlng 
Which  did  not  exhibit  the  roof  in  the  distinct^i  manner ; 
and  though  thej  borrowed  mnch  of  their  model  ^r6m  the 
orientals,  as  will  be  evident  to  atiy  one  who  coriipares  theft' 
Architecture  With  the  ruins  of  PersepoHs,  and  of  the  toihbi 
ill  the  mountains  of  Bheeraz,  they  bdded  that  forth  of  roof 
%irhich  their  o^n  climate  tati]ght  them  was  necessary  for 
liheltering  theiii  from  the  rains.  Hie  rodfs  in  Persia  to4 
:^rabia  are  flat,  but  those  of  Greece  are  without  etc^lioik 
sloping.  It  seems  therefdre  a  gross  violation  of  the  trn6 
|>rincipie8  of  taAe  in  architectiire  (at  least  in  the  regions 
of  Europe),  to  take  away  or  to  hide  the  roof  6(  a  house  ; 
and,  it  must  be  ascribed  to  that  rage  for  novelty  Wh|ch  ik 
8o  powerful  in  the  minds  of  the  rich.  Our  ancestors 
seemed  to  be  of  a  very  different  opinion,  and  turned  their 
attention  to  the  ornamenting  of  their  roofs  as  much  aa 
any  other  part  of  a  building.  They  showed  them  in  the 
most  conspicuous  manner,  runnmg  them  up  to  a  great 
height,  broke  theoi  into  a  thousand  fanciful  shapes^  and 
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gtlick  tkoB  fbllrtir  highlf  driMed  wliicb^t.  We  laugh 
at  this,  and  call  it  Gothic  and  clumsy;  and  our  great  ar«> 
duteMs^  xAt  iJb  oflfeml  anjr  more  in  thil  way,  conceal  the 
itiof ^  dtogedier  hf  |Mirapeti,  bahisirades^  and  other  con. 
trifandes.  Our  forefathers  eert&inly  did  offend  against 
the  maxims -of  true  taste,  when  they  enHebed  apart  of  a 
hdttse  irith  itaftricB  of  elegant  hafaitatiDn,  which  cTery  spec- 
tlitor  must  kooirto  be  a  ^uiriUerSome  garr^rbut  their 
Sttcc^sors  no  less  offend^  who  take,  off  tbff  cover  of  the 
house  altog^tliecy  and'  make  it  impossible  to  kiiow  wlie^ 
tfer  it  is  not  a  sn0r^  screen  dr  colonnade  we  are  looking 
$L 

i.  MS.  We  cilnlnt  hd^  thinkisg  that  Sir  Christoi^ief 
Wren  eired  w!hen  hk  so  indnstriously  cod^ceakd  the  roof 
^  St  Paul^  chuhh  in  liMldon.  The  whole  of  the  upper 
order  is  a  mere  scifeeB.  Such  a  quantity  of  wail  would 
hare  been  intoteraUy  offensive,  had  he  noi  given  it  som^ 
appearance  of  habitation  by  the  mock  Windows  or  niches^ 
£T6n  in  thift  state  it  i^  gk>omy,  and  it  is  odd,  and  is  # 
pOBtle  to  every  spectatdr^^-^There  should  be  no  piisxie 
in  the  design  of  a  building  any  more  than  in  a  disooorsei 
it  has  been  said  that  the  deubl^  roof  of  our  great  churches 
which  hare  aides  is  an  incongmity,  looking  like  a  house 
standing  on  the  top  of  another  house.  But  there  i*  not 
the  least  occasion  for  such  a  thought.  We  know  that  the 
airfe  is  a  ihed^  a  cloister^  Suppose  only  that  the  lower 
roofer  shed  is  hidden  by  a  balustrade,  it  then  becomes  4 
peltioo,  i^aiiist  «vhicfa  the  eoanoisseur  has  no  objection ; 
yet  there  i*  no  difference;  for  the  portico  must  have  a 
eover,  otherMrise  it  u  neither  a  shed,  cloister,  nor  portic<^ 
any  more  than  a  buildiag  without  a  roof  is  a  house.  A 
house  without  a  visible  roof  is  like  a  man  abroad  witfiout 
hiii  hiA ;  abd  wie  may  add,  that  the  whim  of  concealing 
the  chinlnies,  now  so  fashionable,  changes  a  house  to  a 
htm  or  storehouse.  A  house  should  not  be  a  copy  of  any 
tbiug.    It  Iia3  a  title  to  be  an  original ;  and  a  scrseu-like 
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how^  and  a  piilar-like  candiestick  are  similar  sokdaiis  in 
laste. 

643.  The.arehitect  is  anxious  to  present  a  fine  object^ 
«nd  a  very  simple  outline  discnss^s  aU  hts'Conc9rn8  with 
the. roof.  He  leaves  it  to  the  carpenter,  whom  he  fre^ 
qmently  puzzles  (by  his  arrangemaitB)  with  coverings  aU 
most  impessible  to  ezeentew  Indeed  it  is  seUom  that  the 
idea  of  a  roof  is  admitted  by  him  into  bis  great  composi* 
lions  ;  or  if  he  does  introduce  it,  it  is  from  mere  affecta* 
lion,  and  we  may  say  pedantry.  A  pediment  is  frequent* 
}j  stuck  up  in  the  middle  of  a  grand  front,  in  a  situation 
where  a  roof  cannot  perform  its  office ;  for  the  rain  thai 
is  supposed  to  flow  down  its  sides  must  be  Fooeived  on 
Ihe  top  of  the  kvel  buildings  which  flank  it  This  is  a 
Biamfesl. incongruity.  The  tops  of  dressed  windows^ 
Irifling  porches,  and  sometimes  aprojeeting  portico^  are 
Ihe  only  situations  in  which  we  see  the  figure  of  a  roof 
corre^KNid  witb  its  office.  Having  thus  lost  eight  of  the 
principle,  it  is  not  surprising  that  the  draughtsman  (for 
ke  should  not  be  called  architect)  runs  into  evevy  whim ; 
and  we  see  pediment  within  pediment,  a  round  pediment, 
a  hollow  pediment,  and  the  greatest  of  all  absurditiea,  a 
broken  pediment  Nothing  could  ever  reconcile  us  to  the 
sight  of  a  man  with  a  hat  without  its  crown,  because  we 
cannot  overlook  the  use  of  a  hat. 

544.  But  when  one  builds  a  bouse,  ornament  alone  wiH 
not  do^  We  must  have  a  cover ;  and  the  enormous  ex* 
pence  and  other  great  inconveniences  which  attend  th^ 
conceidment  of  this  cover  by  parapets,  balustrades,  and 
screens,  have  obliged  architects  to  consider  the  pent  roof 
as  admissible,  and  to  regulate  its  form.  Anj  man  of 
sense,  not  under  the  influence  of  prejudice,  would  be  de» 
termiiied  in  this  by  its  ^tociss  for  answering  its  purpose. 
A  high  pitched  roof  will  undoubtedly  shoot  off  the  rains 
and  snows  better  than  one  of  a  lower  pitch.  The  wind 
will  not  so  easily  blow  the  dropping  rain  in  between  the 
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liwteBy  nor  will  il  bate  8d  muck  pbwte  to  ilrip  tfam  ofi^ 
Alki^  pitched  roof  wfll  exert  e/SnieUer  thrust  on  the 
walla,  botl|  because  its  simin  is  less  borisontel^  and  be? 
eaase  it  will  admit  of  ligkler  ee?eniig.  But  it.  i^  more 
es|»eiisiTe,  because  there  is  more  of  it  It  requires  a 
greaiter  sise  of  timbtes  to  nudte  it  equallj  strong^  and  it 
exfiosee  a  greater  surface  to  the  wind. 
.  64S.  There  hare  been  great,  changes  in  the  fiioh  of 
roofr :.  our  forefi^ers  made  tbein  yery  high,  and  we  inakf 
them  verj  low.  It  does  not,  however^  appeart  that  thif 
idumge  has  been  akogether  the  effect  of  principle.  In 
Ibe  simple  unadorned  habitationa  of  {NriFate  persons,  eyeiy 
ll^g  comes  .to  be  adjusted  by  an  esiperience  of  inoonver 
vienees  which  have  resulted  from  too  low  pitched  rwfs  i 
and  their  {Htch  will  alwajs  be  nearly  such  as  suits  the 
dimate  and  ooveriihg.  O^  ardiitecis,  however,  go  tq 
work  on  different  principles.  Their  professed  aim  is  t^ 
'  midie'  a  beautiful  .'object.  The  sources  of  the  pleasures 
arising  from  what  we  cdll  ta»te  are  so  various^  so  ccttnpli* 
catsd,  and  even  so  whimsical,  that  it  is  almost  in  rain  to 
look  for  principle  in  the  rules  adopted  by  our  professed 
architects.  We  cannot  help  thinking  that  much  of  their 
practice  results  from  a  ptJkniic  veneration  for  the  beauti* 
fiil  productions  of  Grecian  architecture.  Sudi  architects 
as  have  written  on  the  principles  of  the  aft  in  respect  of 
proportions,  or  what  they  call  the  oanoifVAircs,  are  very 
much  pujEzled  to  make  a  chain  of  reasoning ;  and  tfa« 
mciit  that  they  have  made  of  the  Greek  architecture  is, 
that  it  exhibits  a  nice  adjustment  of  strength  and  strain. 
But  when  we  consider  the  extent  of  this  adjustment^  we 
find  that  it  is  wonderfully  limited.  The  whole  of  it  con* 
sists  of  a  basement,  a  column,  and  an  entablature ;  and 
the  esitablature,  it  is  true,  exhibits  something  of  a  con^ 
nection  with  the  framework  and  roof  of  a  wooden  build- 
ing; and  Y^e  believe  that  it  really  originated  from  this  in 
the  hands. of  the  orientals,  from  whom  the  (keeks  ^ex^ 
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iaihiy  borrowed  tMr  fonAs  and  tfaHrioiihiiuitioa8.r  Wir 
nSm  €4itty  Ao*  i»  tte  niiiu  tf  P^fBCpoifs^'  l»d.^0Jr 
tlK^  tonobt  itt  the  iii&iiiitbins:<wlich«were  leii^  ^riot  (o^Uie 
ei^k  ^  Architecture),  the  flutel:  colimuiy  t&e  tAte,  the 
lotit  4nAOonntkian  €MpiM,  and  tile  Doric  irrtngeineBl 
oif  linteb»  belitud^  M^  rtlftftrm  M  deriVed  from  oniioeslsot^ 
•bie  principle.  The  only  edditioanMule  by>the  Grei^ 
WBilh^,  pent  foot ;  end  the  changee  ofKde  fa^.  them  id  Ihe 
tabtftdinaie  fortn^  of  things/ ere  goeh  «s>^  ihoald  ex^ieet 
fjh>tei-their  exquirile  jadgtnent  of  beeut^. 
'  But  die  Whote  of  thk  ie  ^ery  limitiid;  and  the  GrteUn 
Hfter  mddng  the  roof  h  ebief  fimture  of  a  hoaee,  leent^iM^ 
fkrther^  and  contented  theniselrte  irith  giving  it  a  sIdpA 
ittited  to  their  dimate.  ^  This  we  haw  CoUoared^  beeanee 
fnth^imilder  pnrtsbf  Eumpe.ve  hatreno^^bgenittileoii 
fdr  Aviating  from  it ;  -  and  if  a*y  arehiteet  ihbuU  tfemt* 
gl'eatly  in  a  bnilding-  where  the  out^  is  exhibited,  aa 
bettutifiil,  we  should  be  disgusted;  but  the  dbgnet,  though 
felt  by  almost  ev«iry  spectator,  kas  ite  4ri|Kin:  io  ndihibg 
but  habit.  In  the  professed  architect  or  man  of  ednte* 
iion,  the  disgust  erisee  from  pedantry :  for  there  is  not 
such  a  close  connection  between  the  form  and  uses  of  a 
roof  as  shall  give  precise  determinations ;  and  the  tnere 
form  is  a  matter  of  bsdifTerence. 

54&  We  ihould  Aot  therefore  reprobate  the  high* 
pitched  rooft  of  our  ancestors,  partioalarly  on  the  conti* 
'  nent  It  is  there*  where  we  see  them  in  all  the  extremity 
of  the  fashion,  and  the  taste  is  by  no  me^ns  eX|doded  as 
it  is  with  us.  A  baronial  caMie  in  Germany  and  Fr^ndd 
n  seldom  rebuilt  in  the  pure  Greek  style,  or  eren  like  the 
modern  houses  in  Britain ;  the  highpitdied  roofs  are  re^ 
Ulned.  We  ihould  not  oall  them  Gothic,  and  ugly  bi* 
cause  Gothic,  till  we  sho^^their  principle  to.  be  fiibe  dt 
tasteless.  Now  we  apprehend  that  it  wiU  be  fonnd  quit# 
the  reverse ;  and  that  though  we  c4nnot  bl-ing  burselyea 
to  think  them  beAtt^nl^  we  ou^t  to  think  them  10.  Th* 
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cenfitraetloii  of  Htft^hfMk  arebHeethre  is  «tiid8f6reiioe  of 
IfaefinMlicer  that  are  ft^cestarj  in  a  woodeh'  building  to  a 
hiding  of  ttome.  <  T0  this  tbe  6i«e|et  have  adhered,  in 
s|»iteof  iiananambfe'diffioidtifit.  Their  marble  quarries, 
however,  fmtitidlikir  poller  to  retain  the  propdrtiiMns 
wiuch  iitbit  had  rehdered  agreeable.  'But  it  is  next' to 
iiii|MMsibleto  adUefe  to  these  prpportions  with  frees^oiito 
or  bridt,  Wkeh  the  order  is  a£  magnificent  dimeniions. 
8ilr  Ohristopheir  Wren  saw  this : '  for  bis  mechanicsi  faiow« 
kdge  was  equal  to  bis  taste.  He  eoipposed  the  ffont  of 
St'l^asfk  diiircb  iii'London  of  two  orders,  and  he'coujpled 
Uqoeiiim&S)  and.  sUH  the  lintels  w&idi  form  the  arebl^ 
ti«re  are  of''saeh>  leligtfa  that  the^r  could  carry  n^kiHU 
tibnal  weight,  i  and  he  was  obliged  to  truiBs  diem  behind. 
Had  he  asade  but  one  order,  the*  afcbitraTe  could  Mt 
kaSi^e  .eanied  )ts  own  weight  It  is  impossible  to  execute 
a  Doric  entabltftnue  of  this  siae  in  brick.  It  u  attempted 
in  aivery  nbble  fnont,  the  Academy  of  Arts  in  9t'  Peten^ 
burgh.  But  the  architect  was  obliged  to  mdce  themii* 
inieBy  dad  etiier  pnojefsting  memhen  of '  the  ebraidie^'  of 
itrioiite^  and.ttiahy  of  them'  broke  down  by  their  own 
weight 

'MS.  Herf  is  surely  lai  erryr  ihf  principle.  Since  stone 
ia  the  ehief  nuleriyl  of  oar  'buildings,  ought  not  the  inem* 
hers  of*  oriiamental  irdhitecture'to  be  refinements  on  the 
es^oitial  and  linaffeetisd  parts  of  a  stinple  Mohe-buiUiing? 
Tbdi^is  akoost  ds  nsqeh'  propriety  in  the  architecture  Of 
India,  where  k  dome  is  made  in  imitation  of  a  liiy  or 
oliher  flower  kiTerttd,  as  in  the  Oreeb  imitation  of  k 
Wooden  building.  The  principles  of  masonry,  and  net  dt 
cArpetatry,  should  be  seen  in  our  architecture,  if  we  woM 
have  it  according  to  the  rules  of  just  taste.  Kow  we  af- 
firm that  this  is  the  characterbtic  feature  of  what  is  rall- 
ied the  Gothic  architecture.  In  this  no  dependence  is  had 
On  the  transrerse  strength  of  stone.  No  lintels  are  to  he 
seen ;  no  extravagant  projections. '  Every  stone  is  pressed 
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io  itB  neighbo^m;  and  none  is  ievpobcdEtoft  franstaw 
gtrain.  The  Greeks  were  enabled  to  ex^ciite  tk^nr  ooloi^ 
sal  buildings  onlj  b;^  using  immense  hlodks  of  the  hardest 
materiab.  The  Norman  mason  could  lanse-a  building  to 
the  skies  without  using  a  stone  which  a;  labourer  could 
not  carry  to  the  top  on  his  biick.  Their  lirchitcicts  stu* 
died  tlie  principles  of  equilibrium ;  and,  having  attained  a 
wonderful  knowledge  of  it,  the^  indulged  thenntelves  in 
exhibiting  remarkable  instances.  We  call  this  false  taste^ 
and  saj  tJiat  the  appearance  of  insecurity  is  the  greatest 
faults  But  this  is  owing  to  our  habits:  our  thottghta 
nay.  be  said  to  riin  in  a  wooden  trdn,  and;  certain  timpte 
maadms  of  carpentry  are  familiar  to  otir  imagination ; 
and  in  the  careful -adherence  to  these  consists  the  beauty 
and  symmetry  of  the  Greek  architeeture.  Had  wfe  been 
as  much  habituated  to  the  equilibrium  of  pressure,  tUi 
iipparent  insecurity  would  not  hate  met  our  eye;  wel 
would  have  perceived  the  strepgtb,  and  we  should  bare 
relished  the  ingenhity. 

548.  The  Gothic  architecture  is  perhaps  entitled-  to  the! 
name  of  rational  architeetiire ;  and  its  beauty  is  founded 
on  the  characteristic  distinction  of  our  species*  It  de» 
Btrfes  cultivation ;  not  the  pitiful^  servHe^  and  iinddiied 
copying  of  the  tnonuments ;  this  will  produce  incongnnU 
ties  and  absurdities  equal  to  any  that  hove  crept  into  th^ 
Greek  architecture:  but  let  us  examine  with  Mteiftion  the 
Slice  disposition  of  the  groins  and.spaan^ls ;  let  lis  study* 
the  tracery  and  knOts^  not  as  ornaments,  but  as  usefulmem^ 
bers ;  let  us  observe  how  they  have  made  their  walls  like 
boaey-combs^  and  admire  their  ingenuity  as  we  pretend 
to  admire  the  instinct  infused  by  the  great  architect  into 
the  bee..  All  this  cannot  be  understood  without  mecha- 
nical knowledge;  a  thing  which  few  of  our  professional 
architects  have  any  share  of.  Thus  would  architectonic 
taste  be  a  mark  of  skill ;  and  the  person  who  presents  the 
design  of  a  building  would  know  how  to  execute  it. 
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iriduraft  camniittUrg  H  ealkelj  to*  the  immn  aiid  car^ 
penter. 

Theie  ol|0emiUoif9  are  not  a  digrenion  from  oar  tiA^ 
ject  The  Mme  principles  of  mutual  prenure  and  eqia* 
Kbrium  hav<e  a  place  in  rooft  and  matij  wooden  edifices  ^ 
and  if  tbej-  had  been  ak  much  studied  as  the  Normaas 
«nd  Swaeeins  seem  to  have  atadied  s«tch  of  them  as  wem 
applieable  to  their  purposes,  we  might  hare  prodacedl 
wooden  bafldings  as  &r  superior  to  what  we  i^  barn^ 
Ikriy  acquainted  with,  as  the  bold  and  wonderM  charches 
atill  remaining  in  £urope  are  superior  to  the  timid  pro^ 
dudionsof  our  stone  architecture.  The  eeatreii  used  in 
twOding  the  bridge  of  Orleans,  is  an  instance  of  what 
majr  be  done  in  Uiis  way. 

549.  The  Noilnan  ardiitecte  frequently  roofed  tddi 
«tone.  Their  wooden  roofs  were  in  general  rery  simple^ 
and  their  prafessed  aim  was  to  di^nse  with  them  alto- 
gether. Fond  of  tiieir  own  science,  they  copied  ncrthing 
fi^om  a  wooden  building,  and  ran  into  a  similar  faak  with 
the  ancient  Greeks.  The  parta  of*  dieir  buildings  whidh 
were  necessarily  of  timber  were  made  to  imitate  stone- 
buildings;  and  Gothic  ornament  consists  in  cramming 
every  thing  full  of  arches  and  spaundrels.  Nothing  else 
is  to  be  seen  in-  their  timber  works^  nay  eVen  in  their 
sculpture. 

ABO.  But  there  appears  to  have  been  a  rivalshlp  in  old 
times  between  the  masons  and  the  caqienters.  Matiy  of 
the  baronial  halls  are  of  prodigious  width,  and  are  roofed 
with  timber :  and  the  carpenters  appeared  to  have.  bor« 
rowed  mudi  knowledge  from  the  masons  of  those  times,* 
and  their  wide  roofs  are  frequently  constructed  with  great 
ingenuity.  Their  aim,  like  the  masons,  was  to  throw  a 
roof  over  a  very  wide  buildmg  without  employing  great 
legs  of  timber.  We  have  seen  roofs  60  feet  wide,  with- 
out having  a  piece  of  timber  in  them  above  10  feet  long  and 
4  inches  square.      The   Parliament  House  and  Troa 
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the  author  mo9t  in  repute  in  Prance;  and  the  publica- 
tions of  both  these,  authors  are  void  of  every  appearance 
of  prinpiple.  It  is  not .  uncomnion  to  see  the.  works  of 
-carpenters  of  the  greatest  reputation  tumble  down,  in 
<|onsequence  of  mistakes  from  which  the  most  elementary 
knowledge  would  have  saved  them* 
.^  £53.  We  shall  attempt,  in  this  article,  to  give  an  ae- 
<|ount  of  the  leading  principles  of  this  art,  in  a  manner  so 
ij^miliar  and  palpable,  that  any  person  who  knows  the 
common  properties  of  the  lever,. and  the  composition  of 
motion,  shall-  sp  far  understand  them  as  to  be  aUe,  on 
^very  occasion,  so  to  dispose  his  .ip^erials,  with  respect 
.to  the  strains  to  which  they  are  to  be  exposed*  -  that  Im 
aball  always. know,  the  effective  strain  on  every  pjece,  and 
^ahall,  in  most  cases,  be  able  to  make  the  disposition  such 
*as,.tQ  derive  the  greatest  possible  advantage  froip  the-ma^i 
terials  which  he  employs. 

554.  It  is  evident  that  the  whole  must  depend  on  the 
jprinciples  which'  regulate  the  strength  of  the  ipateriak, 
jrelative  to  the  manner  in  which  this  strength  is  exerted^ 
.and  the  manner  in  which  the  strain  is  laid  on  the  piece 
of  matter.  With  respect  to  the  first,  tbia  is  not  the  pro- 
.jper  place,  for  considering  it,  and  we  must  refer  the  reader 
to  the  article  Stbength  oe  Materiam*  We  shall  just 
,bqni9w  from  that  article  tvfp  or  thj^ee  prppositions  suited 
to,  our  purpose.  ,        .,     . 

The  .force  .with^w^ii<?h  the  materials  of,  our  edificej^ 
r^Qofs,  floo^s^  machines,  and  iramings  of  erery  kind,,  resist 
^x^  broken  or  ^crushed,  or,  pui)e^.  asqnder, .  is, ,  immedi- 
,^tely  or  ul^iip^atdy^  the*  cohesion  of  their  particles.  When 
.^  ijreight  hpngs))^  a  rope,  it  tends  either  immediately  to 
jhreak  all  the  fibres,  overcoming  the  eohesion  among  the 
j^ticles  of  each,  or  jt  tends  to  pull  one  parcel  of  them 
^rom  ainong  the- rest,  wjth  which  they  are  joined.  This 
!t^nion  of  the  fibres  is  brought  about  by.  some  kind  of  glu- 
.l.cp,.or  by  twisting,  which  o^us^s  them,to  bind  each  other 
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90  hftrd  tliat  atiy  dne  will  break  rather  than  come  out,  so 
jtitich  is  it  withheld  by  friction.  The  ultimate  resistance 
18  therefore  the  cohesion  of  the  fibre ;  the  force  of 
Strength  of  all  fibrous  materials,  sufch  as  timber,  is  €X-i 
erted  in  much  the  same  manner.  The  fibres  are  eitheif 
broken  or  pulkd  out  frdm  among  the  rest.  Metals,  atone^ 
glass,  and  the  like,  resist  being  pulled  asunder  by  the! 
simple  cohesion  of  their  parts. 

Tha  force  which  is  necessary  for  breaking  a  rope  bu^ 
wire  is  a  proper  measure  of  its  strength^  In  like  man^ 
ner,  the  force  necessary  for  tearing  directly  asunder  any 
rod  of  wood  or  metal,  breaking  ail  its  fibres^  or  tearing 
them  from  among  each  other,  is  a  proper  nteasure  of  the 
united  strength  of  all  these  fibres.  And  it  is  the  aimpletl 
atrain  to.  which  they  can  be  exposed,  be^ng  just  equal  td 
the  sum  of  the  forces  necessary  for  breaking  or  disengag^l 
iiig^eafh  fibre.  And^tif  the  body  is  not  of  a  fibrous 
sttiU^ture^  which  is  the  basi  with  metals^  stones,  glass,  and 
many.ithar  substances,.  tUs  Ibrce  is  atiU  equal  to  iihe 
iompleisum  of  the  cohesive  .forces  of  each  particle- which 
is '  sefi&rated  by  the  friicture.  .Lcit  us  distinguish  thn 
node  of  execlion  of  thr  cohesion  of  the*  body  by  the  naaolo 
of  itsi^vBouvTB  Strenotu.  . 

When  :  solid  bodies .  are, .  on  the  contirary^  elpoaed  to 
gttel  ioompression,  I  they? can  resist  only  id  a  certaint.^e4 
grtk.  .Ai  ^ece  of  clay  or  :lead  will  be  squeeaed  out ;  a 
piece  of  freestone  .will  be  onished  to  pdvtfder  ^:a  bniii.qf' 
wood  will,  be  i2rippled,>siReIliDg  out  iuvthe Inaiddk;  /aid  its 
fibres  loae  theiir.  mutual  cohesion,  after  wl^ieh  ItasiCasi^ 
4!ru8h»dr.fcy:the  load.  A  notion  maylbei  faniiedr  of  Itha 
Btanner  itf  whidh  tbesa.ttrains  are  resisted  by  ooncdTiog 
4KCjrlifi(ktcal  pipe. fiUed 'with  an^aU'^fa6f^  ]WQil.sfaflkeB  tiM 
gether,  so  that  each  spherule  is  lying  in  the  cIosest.inam 
sier  possible^  that  by  Sti  cotitact :  witk  ii^^Uiais  in.  the 
aaihoiirm'tictl. plane  (ibisibding  tJie.  posifeM(U-a)i.wisdh:tlit 
4atV*iilf|aka  the  ;katt«!]»dm>   .Tbdsnaa«h»liiiiflM:tli* 
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rest  in  sue  pomi$:  Ntiw  suppose  them  til  wiled,  ih  tbeei 
tix  points  'Cttly,  bj  sdine  cement  This  a^semUi^  will 
•tick  togetbar  end  form  a  eyliadHeei  piller,  which  msf 
be  teken  oi»t  of  its  meuld.  Suppose  Ihis  piUer  sUttidtng 
upright)  and  loeded  above.  The  euppeiits  anting  from 
the  eement  act  oUiqueljr*  and  the  load  tehds  ailrher  td 
fotre  them  asunder  lateraUfa  pr  ta  make  Aem  elide  on 
each  other :  either  of  these  :tiiings  hsppeniiigi  the  arhok 
19  crushed  to  pieees:  The  reeiatwoe  ef  fihf-out  maleriala 
to  a«ch  h  stcain  is  a  littfe  ttone  intericala,  tel  mvf  be  e» 
plained  itt  a  wa}r  Torj  aimilar. 

A  piece  of  matter  of  any  kind  m$j  alea  be  defikrof  ed 
by  wrendbiog  or  twjetbg  it  We  cmi  ^asilj  form  a  n#^ 
tion  of  its  resistatoe  to  this  kind  of  ststaa,  hj  ooosidering 
wjiat  wovld  happen  to  the  <^indcr  of  amaU  ahoi  if  lieetdl 
inihiawaj. 

And  lastly,  a  beam,  or  a  bar  of  snetal^  or  a  piece  nf 
Atone  or  other  matt^,  may  be  Invken  transvemeiy.  Tkfia 
will  happen  to  n  rafter  or  joist  supported  at. the  ends 
When  overloaded,  or  to nbeam  fauring  one  end  stnak  Csst 
in  t  waH  and  a  load  laid  on  ita  projecting  part.  TUsct 
the  atraia  to  whsih  materials  are  aaet  com moniy  cxpoeed 
in  roofs ;  and,  unfortunately,  it  is  the  ateam  which  they 
are  the  least  aUeto  bear ;  or  rather  it  Js  the  manner  of 
application  whkh  canaman  external  iovde  to  cooite  the 
greatest  ^laniUe  immediate  atrain  on  the  particleB.  It  m 
Ogain^ithis  that  thie  carpenta*  most  chiefly  guard,  asroidp- 
iog  it  JUFb^ti  in  his  powto,  and,  in  enery  case,  dimintihing 
knanwdh as  paesibte.  .It  is  necessary  to  give  tdie  reader 
a  'dear  notion  of  the  .great  wealteess  of  materiab  in  rein^ 
tiobitothis  franaverse  ^strain•  But  we  shaD  do  nothing 
more,  ireferting  Jiim  to  the  artiaie  BnaMoxn  or  MaTB»> 
mass. 

65S.  Let  ACDB  Plate  IX.  Kg,  1.  topresent  ibe  siie 
of  a  beamipro|ei0tiog  bobinonteUy  (tf^m  a  wall  in  iwhioh  k 
»&mdr Audi  4Uidilet  it  beioideftl  witlio  wnighi  W  a^ 
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or  10M&  MS 

pendbd  to  ito  atnttf ty;  This  tends  Co  Itt^ak  it ;  attd  the 
least  reflection  will  eonrince  any  person  that  if  the  beam 
is  aqnaUj  strong  throoghout,  it  will  breisk  in-  the  line 
CD,  eren  with  the  svrfact  of  the  wdl  It  will  open  al 
JD,  whslaC  wiU«  serre  as  a  sort  of  joimt,  round  whieh  it 
will  turn.  The  cross  section  throagb  the  line  CD  is^,  for 
this  reason^  caHed  the  aeceiofi  of  fntttvire^  and  the  horisoA* 
.teE^line,  drawn  throoghC  on  its  undev  suifaee,^  iscalfed 
the  aaek  offriaetun.  The  fltK^ore  is  inad«  by  tearing 
asunder  the  fibres,  such  as  BE  or  EG*  Let  us  suppose  a 
Mai  joint  at  C,  and  Aat  the  beam  is  really  sawed  tflrough 
sdong  CD,  and  that  in  plaee  of  its^  natural  fibres  threadli 
•are  substituted^  all  over  the  section  of  fr^cfore.  The 
weight  now  tends  to  break  these  threads ;  and  it  is  our 
-business  to  And  the  force  necessaiy  for  this  purpose. 

It  is  evident  that  DC  A  may  be  coneidercKl  as  a  bended 
lever,  of  which  C  is  the  fiilcnim;  If/ be  the  foroe  which 
will  just  balance  the  eohesion  of  a  thread  when  hung  on 
at  so  that  thesmailest  additiott  will  break  it,  we  may  find 
the  weight  which  will  be  sufficient  f<Nr  this  purpose  when 
Jmng  on  at  A,  by  saying,  AC  :  CD  szf:  <p.  and  ^  will  be 
the  weight  which  wiUJust  break  the  thread,  by  hanging  ^ 

CD- 

by  the  point  A,  This  gives  us  f  =/x  ^rr.    If  the  weighi 

be  hung  on  at  «,  4he  feree  just  sufficient  for  breaking  the 

CD 

same  thread  will  be  =/x  tt—    Io  like  manner  the  force  ^ 

w4iieh   must  be  hung  on  at  A  in  order  to  break  ai| 

equally  strong  or  an  equally  resisting  fibre  at  F^  must 

CP 
be  =/x  g^.    And  so  oa  of  all  the  rest 

If  we  suppose  all  the  fibres  to  exert  equal  resistances 
St  the  instant  of  iracture,  we  know,  from  the  simplest 
elements  of  mechanics,  that  the  resistance  of  all  the  par- 
ticles in' the  line  CD,  each  acting  equally  in  its  own  place, 
h  the  same  as  if  all' the  individual  resistances  were  unit^ 
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tmo  ON  the;  qonsteuctiok 

U  the-  middle  point  g.  NqW  *  thi$  lotal^  renitance  k  tbe 
fredirtaacf^  or  sti^ength/of  each  pftrtide,  moltiplied  hj  tbe 
pahiber  of  p^srtidles.  This  Dumb«r  xoaj  be  exficesspd  hj 
jthe  line  CD,  because  we  haye  do  reasoa  to  suppose  tbat 
Chejr  are  at  uneqiul  distances.  Therdbre,  in  com'paring 
lliifi^eiit  sectionef  together,  the  number  of  particles  in 
f»fAi  are  as  the  sections  themselves.  Therefore  DC  majr 
^present  the.  number  of  particles  in  the  lin^  DC.  Let 
lis  call  this  liner  :thei  depth  of  the  beam,  and  express  it  by 
the  symbol  d.  And  since  we  are  at  present  treating  of 
roofs  whose  rafters  and  other  parts  are  commonly  of  uni- 
form breadth,  let  us  call  AH  or  BI  the  breadth  of  the 
beam,  and  express  it  by  £,  and  let  CA  be  called  its 
I  length,  (.  We  may  now  express  the  strength  of  the 
whole  line  CD  hyfxdy  and  we  may  suppose  it  all  eoo- 
tcentrated  in  the  middle  point  g^  Its  mechanical  energy, 
therefore,  by  which  it  resists  the  energy  of  the  weight  to, 
applied  at  (he  distance  /,  is/.  CD.  Cg$  while  the  momen* 
tum  of  10  is  |f?.  CA.  We  must  therefore  have  f.  CD. 
C^.  =  u).  CA,  or/rf.  ^  d:=:  w,  /,  and  fdiw^^li^d,  or 
fdiu>^%l:d.  That  is,  twice  the  length  of  the  beam 
is  to  its  depth  as  the  absolute  strength  of  one  of  its  ver- 
tical planes  to  its  relative  strength,  or  it?  power  of  resist- 
^ng  this  transverse  fracture* 

It  is  evident,  that  what  has  been  now  demonstrated  of 
the  resistance  exerted  in  the  .line  CD,  is  equally  true  of 
every  line  parallel  to  CD  in  the  thickness  or  breadth  oF 
the  beam..  The  absoIi|te  strength  of  tbe  whole  section 
of  fracture  is  properly  represented  by  f,  d.  i,  an^  we  still 
have  21 :  d  =fd  b:  w  ;  or  twice  the  length  pf  the  beam 
\s  to  its  depth  as  the  absolute  strength  to  the  relative 
ftrength.  /Suppose  the  beam  IS  feet  loqg  and, one  foot 
deep ;  then  whatever  is  its  absolute  strength,  the  24th 
part  of  this  will  break  it  if  hung  at  its  extremity. 

But  even  this  is  too  favourable  a  statement ;  all  the 
.^bres  are  supposed  to  meet  alike  in  the  instant  of  frac- 
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tore.  But  ikfo  f9  not  true.  At  tile  instant  that  the  filn*e 
•t  D  iM'eBks,  it  is  stretched  to  the  otmost,  and  is  exerting 
ils  whole  force.  But  at  this  instant  the  fibre  at  g  is  not 
«o  much  atretched)  and  it  is  not  then  exerting  its  utmost 
force.  If  we  suppose  the  extension  of  the  fibres  to  be  as 
their  distance  from  C,  and  the  actual  exertion  of  each  to 
be  as  their  extensions,  it  may  easily  be  ^hown'  (see 
SttRXNGTH  OF  Matbiiials)^  that  the  whole  resistance  is 
Ike  same  as  if  the  fall  force  of  all  the  fibres  were  united 
at  a  f>oint  r  distant  from  C  by  one-third  of  CD.  In  this 
ease  we  must  say,  that  the  absolute  strength  is  to  the  re-^ 
lative  strength  as  three  times  the  length  to  the  depth ;  so 
tbat'the  beam  is  weaker  thaii  by  the  former  statement  in 
the  proportion  of  two  to  three.  ' 

Even  this  is  more  strength  than  experiment  justifies; 
and  we  can  see  an  evident  reasota  for  it.  When  the  beam 
is  strained,  not  only  are  the  upper  fibres  stretched-,  but 
the  lower  fibres  decompressed.-  This  is  very  distinctly 
seen,  if  we  attempt  to  break  a  piece  of  cork!  cut  into  the 
^af>e  of  a  beam :  this  being  the  case,  C  is  not  the  centre 
of.  fracture.  There  is  some  point  c  whkih' lies 'between 
the  fibres  which  are  stretched  and'  those  that  are  com^ 
pressed.  This  fibre  is  neither  stretched  nor  'squeezed ; 
and  this  point  is  the  real  centre  of  firac^re*:  arid  the  leVer 
by  which  a  fibre  D  resists,  is  not  DG,  but  a  shorter 
oneDc;  and  the  energy  of  the  whole 'resistances  must 
be  tesfftban  by  the  second  statement.  Till  we  know  the 
proportion  between  the  dilatability  and  compressibility 
of  the  parts,  and  the  relation  between  the  dilatations  of 
Ibe  fibres  and  the  resistances  which  they  exert  in  this 
state  of  dilatation^  wte  cannot  fKvsitiTely  say  where  the 
point  C'ia  situated,  nor  what  is  the  sum  of  the  actual  re<^ 
nstances, .  or  the  point  where  their  action  May  be  suppo* 
sed  concentrated.  The  firmar^  t^ods^  tsudh^as  oak  and 
ahetnnt,inmy  be  suf^osed.  to  belrnt  slightly  boMpt'et^ke^ 
we  know  that  willow  and  other  soft  wolMs  are  ferj^'com^ 
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^m  OH  THg.mmirMCTioir 

jpewibkv  Thoe  la«t  n^mi  ihmfoae  he  vNalw:  fori^ 
if.  evident,  that  tbe  fibcea  whiefa  am  ia  •  slate  of  emkpteim 
iMOD  da  not  rewt  tbe  fmctara&  H  is  well  kaoira,  tfaafca 
baamof  wiUow  maji  bn  cot  tbrMgbtfrota  C  loj*  #iibaflb 
iReaJbenini^  it  ia  tba  leasts  if  the:  tut  ba: fiHedl  uphgrsi 
W^dge  oF  bard*  wood  stuak  in. 

We  caa  onLjp  sajr^.  tbftt  vary  sound  oak  and  red*  fir.  hMm 
tbe.cenlce  of  aSbrt  so  situated,  tbat  tbe  absolute:  stneaglli 
ii^to  the  jQelative  stMngih  in  a  proportion  not  lesa^  tbaft 
^oS  tbmeandiaimlf  timea  Ae  lengdi  of  tberbeamtm 
itsdipptb^  A.ayiare  iaeb.oC  sound  oak  will  earry.  alKMib 
9000,  powds.  If  this  ban  be  finnlf  fised  is^a  wril^  asdl 
pcoi/sct about  IS^ioflhest  and  be  loadadalf  tbeentnemil^ 
with  900  pounds,  it  wiU  be  bnoken.  U  will  jiMt^  be* 
190",  its  relatiiM  streog|di  beuig  ^  of  iUi  abadtate 
atcengih ;  and  Ibis  is.  die  ease  onIj|!&  wiihr  Ibo^  ioest  pieee% 
io placed  that  thein  annual  pbitesov  lagrcgnnQtiiniOWsni 
tical  position.  A  buitger  Ipg.  is.  not  ao-  tttrong  tttBOswenool|r» 
baeanae  its.  plates  lie  ia.  ^toEtout  diroetiMft  wnid.  tkm 

550*  These,  obsenraAions  u»  enough  to  ginerua  adl^ 
linct  notion  of  that  vast  dimiaudon  of  the  stmngtir  ofl  tifOi* 
bee  when,  the  strain  ia  aorosa  it  ;.anti  we  see  the  juMioftof 
the  maaum^  wbicbwr  ioculeatadk  tiiat  the  eiufentervni 
(Earning  roofs^  should  avoid  armaah  as  posrible  the  expiw 
ting  his  timberst to> tnpsvesnsei  straina  But  Una  caanol[.bo 
avoided  ia  all^  casea^  Naj ^  the  ultiniatB  sllraio^.  asiiiag 
fbstt'theTOTjn^tareof  an»oi^  ia  traMnena.  Tbft  rafp 
IMnnrast csvcj  th«i: own  wd|^  aifd  thia  tenda^tabieak 
tiiemacross:.  auioak  bean^afoot  doep^will  not  caitjritt 
mm  weiglit  if  it  piojeet. mare? tban^  feet.  BeaidiD  tinsi 
tberaften.  must  cai^tbe  leftd,<  t^ingi  or  slalea.  W« 
Siast.  thjsrefoEe  aonsider  this- tmnaverae  stmia  ai  litdemovt 
]Ku:ti0uiarly,.  so^fapaslo kpiow  wbai  strtaa  will  ho  Ibid 
•■  my  partr  byifuiy  uMiKttiiMef  loadii  kidf  on  either  1$ 
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»%  We  hmft  hiOMto  MippMd^  tlial  tte  Imhad 
one  of  its  endfe  ftxed  in  a  wall,  and  that  it  was  loaded  at 
the  othier  eiii(  Thi^  i)  not  air  usoaf  arrangement,  and 
was  talm.  meodf  as.  afibcdiog  a^aimpie  appUeatioo  of  the 
aMahaoicaL  priaoiplas^  U  is  vnch.  more  usual  ia  ha^ 
th|B  bean  supfortad  att^^  ends^aad  loaded  in. themiddlak 
Let  the  beam  FEGH  (Fig.  S.)  rest  on  the  props  E  and 
€r,.  and  be  loaded  at  ite  wiMte  point*  C  with  »  w«%ht  W; 
It  is  required  to  phtermine  the  strain  at  the  section  CD  ? 
It  is  plain  that  th^  betttanr  will  receive  the  same  suprpbrt; 
iDdiitafl^  tfaestea^Mnaiii^  ifwauteadoi  IheUoeb <B  and 
G»  we  substitMeVthe  ropes  E/e,-G  A  j;,  going  over  thf 
l^tatteyv  /'and  g;  and  Toaded'  witli  proper  weights  e  and  g. . 
Tfafaripejgii  CIS  aqaal  to  tlw  lupi^rt  giirair  bjr  tliebladl 
&;:  iaai^  isrrifiirito  thaiaopport  giirealqr  6.  The  sum 
otc  mad  §  is;  e^fuai. ta  W ;  aad^.  en  whateverpoint  W  m 
hung,  (He.  iragbts  e.and  ^  are  to  W  in  the  [miportion  of 
D6  and  DB^to  GE.  Now,  in  this  state  of  things,  it  ap» 
pteoatbaitht  steainda  Iha  seclinarCO  aaisteknmedialMjr 
from  the  upward  action  of  the  ropes  F/  aUd  H  A,  dr  Iha 
tfp^raai  pnirssioaa  of  the  Uacict  B  and  G ;  and  that  the 
otfke of  the  wrfgUt  W  itotar oUiga  Iba  beam  to  oppost 
tkis  itraJa;  liUngs  ara  ia<  IIm^  same  atate  in  respect  of 
plsaia  aaif  a  iilock  were  substituted!  al  D  foa  the  weight 
Wy  and  the  waighttte  aaA  jp  waae  bung  on  at  E  and  6{ 
anlythrdiraetioastiiliU  ba  opposite^*  The  beans  tendrta 
br^  in  the  sectioft  CDiI  becattsa-  the  ropes  pdl  itr  «pi. 
amrdsiat  £  «kF  Gv  while  a-weif^t  W  baUsvit  doian  at  C. 
il  tandk'tobpenjit  B,.  and  C  haoomas  tlie  centre  of  .{no* 
teie  The  Mrair  therefore  is  the  saoM  aa  if  Ifce  JklC  £11 
wcrefiacdin  tlia  wall,  and  a  Weigbt  efUal  to  j^  tUatrisi 
ta  the  half  of  W^  were  hung  anralf  G.. 

Hanoe  we  coaclude^  that  a  beam  supported'  at  both 
andk^  bui  oat  fiaad  thevey  aadi  h»dad<in  the  mid^,  will 
aanrj  fieurftimat'as'mueh  #eightaa  it  can  carrj  attits^eB^ 
tremitj,  when  the  other  extremity  is  fast  In  a  wail. 
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.1^0  ON  THE-W)KarrRUCTION 

'*    The  nirtan  occasioned  at  any  point  L  by  a  weigfit  W, 

DE 

hung  on  at  any  other  point  D,  is  =  W  x  =rj=j  X  LG. .    Tor 

JSG  is  to  ED  as  W  is  to  the  pressure  occasioned  at  Gl 
This  would  b6  balanced  by  some  weight  g  acting  over 
the  pulley  h ;  and  this  tends  to  break  the  beam  at  L,  by 

DE 

acting  on  the  lever  GL.    The  pressure  at  G  is  W.  ^p* 

DE 

and  therefore  the  strain  at  L  is  W.  =7= .  LG. 

EG 

Iii  like  mannier,  the  strain  occasioned  at  the  point  D 

DE 

by  the  weight  W  hung  on  there,  is  W  x  ^^tt;  X  DG;  which 

is  therefore  equal  to  ^  W^  when  D  is  the  middle  point. 

'    Hence  we'  see,  that  the  general  strain  on  the  beam 

arising  from  one  weight,  is  proportionable  to  the  rec« 

X       ,      r    .^                   r    1      ^            ,r     W.DE.DG  , 
tangle  of  the  parts  of  the  beam,  (for =j^ is  as 

DE.DG),  and  is  greatest  when  the  load  is  laid  on  the 
middle  of  the  beam. 

We  also  see,  that  the  strain  at  L^  by  a  load  at  D,  n 
equal  to  the  strain  at  D  by  the  same  load  at  L.  And 
the  strain  at  L,  from  a  load  at  D,  is  to  the  strain  bythe 
aame  load  at  L  as  DE  to  LE.  These  are  all  very,  obp 
vious  corollaries ;  and  they  sufficiently  inform  us  ooncem- 
ing  the  strains  which  are  produced  on  any  part  of  the 
timber  by  a  load  laid  on  any  other  part. 

If  we  now  suppose  the  beam  to  be  fixed  at  the  iw^ 
€nd8,  that. is,  firmly  framed,  or  held  down  by  blocks  at 
I  and  E,  placed  b^ond  E  and  G,  or  framed  into  posts, 
it  will  carry  twice  as  mudi' as  when  its  ends  were  free; 
For  suppose  it  sawn  through  at  CD ;  the  weight  W  hung 
on  there  will  be  just  sufficient  to  break  it  at  £  and  G. 
Now  restore  the  connection  of  the  section  CD,  it  will  re& 
quire . another  weight  W  to  break  it  thereat  the  ^Mae. 
time.  \^    . 
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firmly  connected  with  the  three  fiMd  >pai$ts  G,  S,  I^^it 
will  bear  a  greater  load  between*anj  two  of  th^iu  than 
4C  its  ponmctioB  with  t4#:  i^^Fn^^e  fioint  |lr|ero.'^re|BOV.ed; 
and  it  it  be  fiMtened  kk  fowypoiiUs^'  G»  £},  |»  K,  {t  wHH 
be  twice  as  strong  in  the.  piddle  part  as  without  the  two 
remotie'ciinnections.   '    '.T  ' 

Oiif  is  apt  tpei^ect  fipin;this(,that  the)  joist  of  ii'floof 
will  be  much  strengthened  by  being  firmly  built  in  the 
wall.  It  is  a  little  strengtheiked ;  but' the  fabld  which 
ffan  4husbe.giv£B.it  is  much  -too  ^diorttiobe  of  .any  sen- 
sible sjemrice ;  and  it  tends  greatly  to  shatter  tl^e  wall^ 
because,  when  it  is  bent  down,  by  a  load,  it  forces  nip  tfa^e 
^mI|  witb'4he  momentum  o|^  a  loQg|lerer..  Judicious 
l^uilders  tbei^^fore  take  c^re  not  to  bin4  the  j=9iH9  tight 
in  the  wall.  But  when  the  joists  of  adjoining  rooms  lie- 
in.  the  same .  dtrectiqn,  it  i?  •  a  great  advantage  ^o  make 
them  of  one  pij^ce. ,  .In hey  §re  then  twice  as  strong  as 
yrhej^  made  in  ijfo  lengths. 

;  558.  It  is  easy,  to  dedupe  from  t)^se  precni^ies  the 
strain  on  any  point  which  arises  from  the  weight  ;of-  the 
-tf^^rtn  itsetf,  orfihom  any  load  whiiih  isittilbimly  diffused 
l>iver  the  ffholeoi?.  ai\y  part,  ^e  int^  i^lv^#ys  consider 
the  who}e  of  the.  weight  which  ip  thus  unifb^nly  dUfused 
over  apy  part  as. united  in  the  mMdle  po^nt  of  that  part; 
and  if  the  load  is*  no(  uniformly  diffused,  we  may  still 
suppose  it  united  at  its  centre  of 'gravity.  Thus, 'to 
biotv  the  'straiitk  at  L)  arinhg  feom  the  wbightHcif  the 
whole  beam,  we  may  suppose  the  whole  weight'aoi6umu4' 
l4ted  inlts  middle;. point  D.  Abo  ihe  «ti»in : at. Ly. ari- 
sing from  the  ineight  of  thei  part  ED»'  is  the  same  oa  if 
this  weight  mere  aecnmulated  in  the  middle  point  ci^  of 
JiD ;  and  it  is  the  same  as  if  half  the  weight  of  ED  weF<| 
Jbung  on  at  S.  •  J^or:  the  ?eal  stirain.at  L  is  the. upward 
pressure  <at'G,.aeting  by  the  kter  IGL.    Npw  caHijigT  the 
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itt  OM  "ruvemmrmenon 

Wright  of  tile  put  DE :  tU>  wfmni  proMMr  utt  be 

-gQ-,  or   -gg-. 

7hercfbv6  the  fttfoin  ov  th6  diiiddte  of  a  beMttf  arising 

iiNnii'it»€^wa  weighty  or  ft-diB'  any  uniferm  load>  is  the 

ED- 
weight  of  the  beam  or  its  load  «rp  x  DG  ;   that  i^  half 

Ihe  weight  of  tiie  beam  or  load-  mcfltfplied  or  actifig  by 

Ae  lever  IK»;.  for  ng.  i&  j» 

Also  the  strain  at  L,  arising  from  lfi«  weight  of  the 
beam,  or  the  untform^  load^  is  f  the  weightof  the  beam 
or  load  actmg  by  the  leirer  LG:  It  is  therefore  propor* 
tionaf  to  LG,  and  is  greatlest  of  all'  at  D.  Therefore  a 
beam  of  wiiform  strength  throughout,  unifbrndy  loaded, 
^wilf  break  in  the  middle. 

599^  It  is  of  importance  to  know  the  retatnnr  between 
the  strains  arising  from  the  weights  of  the  heams,  or  from 
nny  uniformly  diffused  load,  and  the  relative  strengtK. 
We  have  already  seen,  that  the  relative  strength  is 

— ^,  where  m  is  «  nuoiibwr  to-  be  disA^v^red  by  esf^ 

riment  for  every  different  species  of  materials;  Leaving 
eat  every  circumstance  but  what  depends  on  the  dimen- 
Hions!  of  Uie  betfm,  viz.  d,  ft,  and'  /,  we  see  that  the  reiiative 

strength  is  in  the  {Hroportion  of  —1—9,  that  is^  .  as    the 

fcreadth.  and  the  squnae  of  Ifte  depth-  ibeetly>  and  die 
length  inversely. 

Now,  to  eonsider  fitnt  the  stnan  arising  fbam  the 
wdght  oE  the  beam  itself  it  is  evident  that-  tfaisv  wd|^ 
increases  in  the  same  proportion  with  the  depth,  the 
breadth,  and  the  hmgth  of  the  beam.  Therefore  its 
power  of  resisting  this  strain  must  be  as  its  depthr  dhreet- 
\fj  and  (he  square  of  its- length  inversely.  To  connder 
this  in  a  more  popular  maaaeri  it  is  plain  that  the  in* 
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mrnmit  hmwiiV  makmAoehaiige  in  Am  ^fmrnetrnt  n^ 
mating  the  actual  ttrain,  because  the  load  and  the  Aao^ 
iole  itfengtli'  ineneMe  in  tlie  same  iMpaitaoD  nrith  the 
toandtlL  But  bgranercwmg  the  depth,  «e  imueukti^ 
ftnatinf  fleolion.>in  ike  aame  ynpartien,  and  tiianfact 
the  numlber  of  letiiting  Sktm  and  the  absolute  atrenf(th  t 
iNit  me  alaa  inawse  the  weigfat  in  the  mxae' frofottmu 
Skis makea aoonqieosfltfion,  and  tl^  relotsre  stsraglh i| 
)net  the  saoK.  Bnt  bj  incneasng  the  deptk,  we-hwre  not 
mily  increased  the  absdnie  etiength,  bat  aisa  Its  amdi^ 
ttical  energj :  Far  the  resistaiice  la  Iraoture  is  that  saasa 
«s  if  the  Ml  strength  laf  eaeh  fibse  was  ezeflcdiatthe 
fiaint  which  we  called  ibe  oentDs  nf  effort ;  jnd  we  >sbaw» 
«d,  tbat  the  distance  of  this  froa  the  under  side4jf  die 
ibeam  was  n  aeitain  portion  (a  half,  a  third,  a  fourth,  ifae^ 
of  the  whole  depth  of  the  beaai.  This  Jistaaeeiis  Jtha 
mna  of  tlie  lever  ibjr  which  the  oahasion  nf  the  wood  mj 
4m  supposed  it#  act  Tbwefbneihbtarni  of  tiwlevir,^sBid 
voDseqaentlj  Ae  ^nttKjr  of  the  cesistanct«  iDomeesdntka 
|iroportian«f  Jthe  deplk  of  the  jleaB^  and  this  Mttuuba 
aocampflnsatad  1>j  any  incraase  of  the  strain.  On  tba 
"wliote,  therefave,  tke  power  of  tka  beam  to  sustain  its 
wm  weigktioaMasesantheprapertEonofitsdeptk  Ba^ 
on  Ike  dthsr  hand,  the  power  of  withstanding  a  .gi?en 
strain  appli«d'at«i(a  ttttreoMfy,  or  to  any^diquot  part  •of 
its  lengtb,  is  dfaninbhad  as  the  length  incoeases,  4(r  is  sn- 
<sterselj'as  the  length ;  and  the  atraiD  ansing  Drain  tka 
ar«ight4if  the  imandlsoinanasaaaadM  length.  Tbeas- 
fsve  the  power  of  resisting  ibe  strain  aclaaUj  aoDertad  on 
•it%  the  weight  af  the  beam,  is  inuersely  at  tlMacpsBK  of 
tto  length.  On  the  whole,  therefore,  the  power  of  a 
lieanitacairjritsvown  wEcigfat,  raries  ks  the  'proportian 
mi  its  depth  dinotiy,  ^and  the  square  4>f  its  Jengtfi  us- 
▼endj. 

M  thir  straia  is  fraqoently  a  canslderaUe  pert  of  the 
-iiWp^it  4s  pn^per  tQ'Oeasider  it  apact>  and  tiMtp^ 
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ceAyimnmimt  rriioaiiis&r.  the  gapportolfai^eaetnBeovi 

load.  .:;  I; '  :    '  •  .  •     .    :  /     >'!•!•    •  ••  •   ■  * 

B&JL  In  tie  aeoct  place,'  tkid  power  of'*  hie«m  id  cart^ 
any  JoBcLwhielv  U  imiforad^  ^HTwedoverfitli  lengt&^  mmk 
be'iavmelyias^tbe^squBVf  of  the  kngih::  for  the  power 
of  withstaading  ^a?t^  stcfdn  applied  to  an  slliqiiot  parbOf 
the  length)  (which  u  the  case  here^  because  ihe  load  a»^ 
.be  coBoeived  a&  accumulated  itt  its.  centre  of  gravity^  thb 
Iniddie  ptnnt  o£  the  beam).  iauiTerseiy  as  the  length ;  and 
the/ootociT  strain)  is! as  the  letigtfa^  and  therefore  its  moroen** 
tmnisas  the  square  <if  the  length;  Therefore  the  powisr 
of  I  a  Uefim/  to  cany  a  wei^t  >  linifctoilj  diffiis^d  orer  i^ 
iftinTetsel^as  thesquare'cf  the  length.,  .i^.  if.  It  is  herf 
uftiderBt0od,'thatthe.nnifoto!Joad  is  of:^me  determined 
qvtanjkit j:  fdr  every,  foot  :oP.  the :  letq;tb^ .  so .  that  a,  beam  of 
dcBubieJeogtb  carries  a.  double  ioad.'.      ^  > 

.Mh  W^  have  Jiithfliio  eiippbsedthdt'ibeforbes  which 
ieadptoUreik  a.beam.tfflmsversely^  are  adkigin  a  direo- 
tion  .perpendicular,  to  the  beanu  This^is  always  the  case 
in  le^  .fUibrs  loa4ed  ih  any  manneii;  but  in  roofs^  the 
action  X)f  .the  load  tendingito  break  the  jbaftils;  is  obUque* 
becaiise ^rarity  Always,  acta  in  /yeijtlcal  l^Ma;.  j  .III m^f  also 
jBcequentiy^ihappen^  tibai.a  beam.is.  straioal.by^a' fane 
aetin^  obltqoely. ,  This imodifioatiob  of  thai  stcain)  isitfasjj^ 
diaotttped^..  Suppose  tjbiat.  the  •  CKit rnalj fdrce» ;  whicbj lis 
ineasiii)ed<i»y.4ybe:  w'e)gh£  W)in  Figl.Liacts  iitthe  direii- 
iioniAiV?'  meHis^^ot  AWl:  J>raw.Ce  fierpendicuiari la 
Am.;  TJhsn  the^moasaatum/cl  tins  extdrnalif^lrc^JsiaM 
to  to  maasuredr  by  WixAC,  l>ut  hy  iW.XfAC  Tte 
)itraia.fbe«ift)re  l;gr:  which  ibfi  fibrkain  Ifae  sj^ion.of  fifaiy 
tnt0  SlC.ai^  ictrn^asunder^ris^diniiaiabed  ill  theiprc^rlidJi 
lof.CA  tOLfpj«^.thitis».iB  fhib  praportioo^bf/radiiM  to  thfe 
^ine.of  thecSiigle  £IA4  MihicLlbe  .bCBWtiJBfiakcp  Jsriyii  the 
direction  of  the  external  force.  .vi  .•  . . ; 

.'    To  tpply..  Ibis  '>to  our.  {iurpoa&  In '  tfaie.i  taost  fa«rUiar 
^ano^r^  Wt  AB.  (F^..^i)^ita  ohUque^i^fir  ofia,  MM- 
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i^  kftded  vi^th  a  WMgl^  W  fliupenddd  to  mj  point  Ct 

tud  tfaerdi»7  oocasiooing  a  strain  in  some  partD.    W9. 

hire  already,  seen^  that  the  immediate  cause  of  the  strain 

•on-D.is  the  reaction  of  the  siij^rt  which  is  gWento  the 

^mt  B.     The  x after  m^y  at  present  be  considered  as  a 

lerer^  supported  ^t  A,  and  puUed  down  by  the  Une  CW. 

.This  ocsasi^Bs  a  pressure  on  B,  and  the  support  acts  in 

Ahe  oppdsite  direelion  to  the  action  of  the  lever,  that;  iSf 

in  the  direction  B^»  perpendicular  to  BA.    ThU,4enda 

<to  bfleak  the  beam  in  every  part^    Tl^a  preiaQre  o^^erted 

W  X  AE 
at  B  is  — ^1^,  AE  bemg  si  horizontal  fine.    There^- 

W  X  AE  ' 

fore  tlie  strain  at  D  wH!  be  — -p^ — 'y<  BIV.      Had  the 

t     .  '     .  AJB 

flfeattr  beta  lying  horiaiontaUyy  the  stfun  at  D»  from  the 

•         •   -.A.  W  AC 

weight  W  suspended  at  C,  would  havfebeen      '        k  BIX 

rftiatherbforedimtaishedin  the  pi^pontion  of  AC  tOrAX^ 
^4kmiaii  An  the  pt«portion  of  radi^  .to  the  cosine  of  the 
oeieMticja,  or  in, the  proportion  of  libe  decant  of  devation 
rt<^  the  mdltts.  ...  :     .»  n 

It  is  evident,  that  this  law  of  diminution  of  the  straiii 
lis.  the  stttte^heth^  the  strain  arilea.  from  a  load  on.  any 
,part  of  the^rafter,  or  from  the  weight  of  4he;  mitor  ita^lf^ 
offiftoin  aay  load  <uniformlyxlifiiuis<t  over,  its  laagtb,  jif^ 
.vided  only  that- these  loads  act  iairertical. lines. 
'  M8.  We  can  now. compare  the  strength  of  roofs  .whMk 
linve  diiSexenI: .  de^ationa.  'Swppoiiiig^thje  width  of  the 
ilnAdittg  to  be  giVen,  and  that  th^  i^eigfitiof  a  8quaie,ykun||l 
of  covering  is  also  given.  Then,  bedauset  th«k  load  o$i  the 
QitAer  will  indroale  in  tftie  wofta  pffpfwctioa  with  its 
.Usgth,  the  fead.oBiUie  slant  sid^AAiof  tim  roof  will>)>^ 
9to  Ae  load  of  a.  iniaihur.  caveiinj^  op  th#  U^t  AF.  of  the 
•flat!  roof,  of  the  same  wkitb^MOs  AB,  t^-AJSf  .But  the 
itniisveree  aetaon»nf<.any  |oale)a  tA9»'  by/^bicik  it  tends 
tto  break  it,  ia.to  itliflMofi.ibeuiaWNi  )Md  oaA2^\as  AF.to 
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A6.  lilt  ^traiMverae  Aram  <lierrfM-eklhe'talM«iilM4^ 
fbe  increaae  of  rad  4oad  eti  AB  %lHiig  MmBtfimmtbtd  hf 
Ike  ebKquity  «r  Us  aetiM.  Bill  tlve  BlMi|:Cbft«f  liMunk 
toTesist'eiiaftI  strains,  apfrtied  «e  sio^ar  fMtiiitei  «r  tiiM» 
Ibniily  ^ifl^sdl  ever  them,  are  imtiw)f  «s  ^beir  tenglb^ 
betauseUbe  anamecirtttiti  er  energy  of  tte  tttnte  fi  ftstfcnw 
tionidtollieJengtIi.  Therefore  «Im  po>#er  ef  AS  lo  wiUii^ 
stand  ihe  ^itrain  •to  irhieh  41  is  really  exposed,  ss  to  tte 
lioweref  AF«to  resist  its -slraim  a«  AF  4o  AS.  U;  Aem^ 
•are,  «  rafter  A&  of  a  eerUte  icMi«Hii|t''s  f^  nUett 
cany  liie  roofing  laid  on  it,  a  softer  AB  oF  the  jaoio 
scantling,  but  more  elevated,  will  l>e  too  vreak  in  the  pro- 
p^rtaon  ^f  AG  io  Afi.  Therefore  ^t^ptr  roofs  seqim 
stouter  rafters,  in  order  that  they  may  be  equally  able  io 
cany  a  roofing  'Of  ^vuA  'weight  per  square  ymtu  IW  ik 
9fttai]y  strong,  Ih^y  must  be  made  leader,  ^or  placed 
nearer  to  oach  other,  in  the  proportion  of  their  greater 
lengtfi,  4ir  they  m«st  %«  made  deeper  m  the  tididipUcafs 
|»roportioii4tf  their  leagili.  The  foikralitg  «s| 
lion  wJU  enable  the  artti*<fiot4ainaittr  with 
to  proportion  the  depth  ot  the  rafter  to  the  aiopa  af  the 

Mor« 

Let  the  hariMntaiKae  4i/  Fig.  4.  be  the  piayii  liaplk 
of  a^beam  whose  length  is  half  the  width  4rf  the  biildiiyjt 
Hiat  is,  aooh  as  woidd  aaafce  it  itibr  carrying  the  intemA- 
ed  tiling  laid  ^n  :n4«t  raof.  Draw  Am  vntkal  Una  fit 
«adthe4iiie4i&  b«miig  the  eto«lstion  ^of  the  rafter  ;  saake 
^g'oquattoo^  tnd  4etpftbe  the  jemieircle  hig;  4nm 
^4  iHtfpeiidMiular  to  ^a  A,  «4i  io  tlio-roquioed  deptL  Tte 
demonstratioa  is  evident 

We  hate  now:  trqatei  in  svftcient  detaU  what  aelatet  to 
tie-chief  strain  on>  the  component  parti^f  a  toof,  namely, 
what  tends  to  break  tbem  trauMaseiy^  and  we  hmm 
enlarged  more  ^^n  the  tfobject  then  sshat  the  prasent'oH- 
casion  mdispenaabiy  TOfsiredi  betaose  the  ppapositioni 
whieh  we4iave  detno«ijtratod  ore  eqwaUy  appUcaUe tA  oH 
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tramiDp  of  otfpentry,  and  are  even  of  greater  moment  in 
many  CMes,  particularly  in  tiie  oonitruction  of  nnchinei.* 
These  consist  of  levers  in  various  forms,  whicii  are  strain^ 
ed  transversely ;  and  simUar  strains  freqnentlj  occur  in 
many  of  the  supporting  and  connecting  parts. 

MS.  We  proceed,  in  the  next  place,  to  ^consider  th^ 
other  strates  to  which  the  parts  of  roo&  art  eaposed,  ut 
eonsequence  of  the  support  which  they  mntually  give  each 
i^hcrvaiid  the  pressures  (or  tkruiiM  as  th^  are  called  in. 
the  language  of  the  house  carpenter)  which  they  exert 
oii  each  other,  and  on  the  walls  or  pien  of  the  1)uilding; 

Lei  a  beam  or  piece  of  timber  AB,  Fig.  5.  be  sua^ 
pended  by  two  lines  AC,  BD ;  or  fet  it  be  supported  by 
two  ^ropS'AE,  BF,  whidi  are  perfectly  moveable  round 
Iheir  remote  ektremitka  £,  F,  or  let  it  rest  on  the  two 
polished  planes  KAH,  LBM.  Moreover,  let  G  be  th« 
centre  of  gravity  of  the  beam,  and  kt  ON  be  a  line  througli 
the  centre  of  gravity,  perpendicular  to  the  horiaon.  The 
biam  will  not  be  in  equilibm  unless  the  vertical  line  6N 
either  passes  through  F,  the  point  in  which  the  direction4 
•f  the  two  lines  AC,  BD,  or  th^  directions  of  the  two 
props  EA,  FD,  or  the  perpendiculars  to  the  two  planet 
KAH,  LBM,  intersect  each  other,  or  is  parallel  to  these 
directions.  For  the  supports  given  by  the  lines  or  props 
are  miquestionably  exerted  in  the  direction  .of. their 
kngtha;  aiidjt  is  aa  well  known  in  mechanics  that  the 
supports  gi^ett  by  pfames  are  exerted  in  a  dUitoction  per** 
pen£cuiar  to  those  planes  in  the  points  of  contact ;  and  we 
know  that  the  weight  of  the  beani  acta  in  the  same  man* 
ner  aa  if  it  were  all  accumulated  in  its  centre  of  gravity 
O,  and  that  it  acts  in  the  direction  ON  perpendicular  to 
the  horixon.  Moreover,  when  a  body  is  in  equilibrto 
between  three  foreea,  they  are  acting  m  one  plane,  and 
their  directions  are  either  paraHel  or  they  pass  through 
one  point 

The»8upport  given  to  the  beam  is  therefore  the  same  as 

VOL.  I.  8  a 


Digitized  by  VjOOQIC 


im  ON  tHE  toNSTRtJCTl6N 

if  it  were  siisjfiended  by  two  liDes  which  tfre  tfttudied  ta 
the  single  point  P.  We  may  also  infer^  that  the  points  of 
suspension  C,  D»  the  points  of  support  E,  F,  the  points  of 
<jontact  A»  B,  and  the  centre  of  gravity  G,  are  all  in  one 
vertical  plane. 

•  When  this  position  of  the  beam  is  disturbed  by  my 
external  force,  there  must  either  be  a  motion  of  the  points 
A^and  B  round  the  centres  of  suspension  C  and  D,  or  of 
the  props  roond  these  points  of  support  £  and  F,  or  • 
didiflg  of  the  ends  of  the  beam  along  the  polished  planei 
6H  and  IK  $  and  in  consequeiice  of  these  motions  the 
centre  of  gravity  G  will  go  out  of  its  place,  and  the  ver- 
tical line  GN  will  no  longer  pass  through  the  point  where 
the  directions  of  the  supports  intersect  each  other.  If  the 
centre  of  gravity  rises  by  this  motion,  the  body  will  hav« 
M  tendency  to  recover  its  former-  position,  and  it  will  re» 
^ire  force  to  keep  it  away  from  it.  In  this  case  the  equv^ 
librium  may  be  said  to  be  stable^  or  the  body  to  have  Ui^ 
hUity^  But  if  the  centre  of  gravity  descends  when  the 
body  is  moved  from  the  position  of  equilibrium,  it  wfll 
tend  to.  move  still  farther ;  and  so  far  will  it  be  from  re* 
covering  its  former  position,  that  it  will  now  falL  This 
/equilibrium  may  be  called  a  Miering  equU^rium.  These 
accidents  depend  on  the  situations  of  the  points  A^  B|£, 
B,  £,F ;  and  they  may  be  determined  by  considering  the 
subject  geometrically^  It  does  not  much  interest  us  at 
present;  it  is  .rarely  that  the  equilibrium  of  suspension  is 
tottering,  or  that  «of  props  is  stable*  It  is  evident*  that  if 
the  .beam  were  suspended  by  lines  from  the  point  P,  it 
would  have  stability,  for  it  would,  swing  like  a  penduhios 
round  P,  andttbi^efore  woUidK  always  tend  towards  the 
position  of  equilibHiu^.  The  intersection  of  the  lines  of 
eupport  wottid  still  be  at  P«  and  the  vertical  line  drawn 
.Ihrough  the  centre  of  gravity,  when  in  ai^  other  situation^ 
wouM  be  on  that  side  of  F  towards  which  this  centre  has 
cbe^  moved.  Therefore,  by  the  rules  of  pendulous  bodies, 
it  tends  td  come  back.    This  would  be  more  reourkabl/ 
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the  cas^  if  tie  points  of  suspensidb  C  and  D  be  on  the 
laffie  side  of  the  point  P  with  the  points  of  attaehment 
A  and  B ;  for  ini  this  case  the  new  point  of  intersection  of 
the  lines  of  mippoft  would  shift  to  the  opposite  side,  and. 
be  still  farther  from  the  rertical  line  through  the  ne#  poti 
iition  of  the  centre  of  gravitj.  But  if  the  points  of  sus^ 
pension  add  of  attachment  are  on  cfpposite  sides  of  P,  the 
mw  point  of  intersection  may  shift  to  the  same  side  inik 
the  centre  of  gravity;  and  lie  beyond  the  vertical  Kne ;  in 
this  case  the  equilibrium  b  totterihg.  It  is  easy  to  per* 
ceif e,  tooy  that  If  the  equilibrium  of  suspensiort  from  the 
points  C  and  D  be  stable,  th6  equilibrium  on  the  propt 
AE  and^BF  ratust  be  tottering.  It  is  not  necessary  for 
our  present  purftose  tb  engage  nlore  particularly  in  thti 
jdbcussion. 

Jt  is  (ilain  that;  with  rdspect  to  the  niere  momentary 
^uiiibrium^  there  is  no  difference  In  the  support  by 
thread,  or  props^  or  pliaes,  and  we  miiy  substitute  the 
t>ne  fo^.thfe  ofther.  We  shall  fioid  this  substitution  extrtmet 
If  usefid,  because  wfc  edsily  concerre  distinct  notions  of 
the  support  of  a  body  by  swings. 

Observe  farther,  that  if  the  whole  figure  be  inverted 
and  strings  be  substituted  for  prdpsi  and  props  ibr  strings, 
the  equilibrium  will  still  obtain :  tot  by  comparing  Fig.  A. 
with  Fig.  6;,  w6  sde  that  the  verdedl  line  through  the 
centre  of  gravity  will  pass' through  the  intersection  of  the 
two  strings  or  props  9  dnd  this  is^  all  that  is  necessary  for 
the  equilibtium:  only  it  odUst  be  observed  in  the  snbstii 
tution  of  props  for  thiieads,  and  of  threads  for  props«« 
that  if  it  be  done  withdut  inverting  the  whole  figure, 
a  stable  eqniKbriiim  becomes  a  tottering  one^  and 
tice  verm. 

This  is  A  most  OsefCiI  ptroi^ositioil,  especially  to  the  vtxh> 
lettered  artisan,  and  enables  him  to  make  a  practical  use 
of  problems  wbtcb:  the  greatest  niechanical'genitfses  have  , 
found' no  easy  task  to  solve^^    An  instance  wtH  show  tb« 
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txtent  and  ntilitjr  of  it    Suj^se  it  were  required  to  mak^ 

•  mansard  or  kirb  roof  whose  width  is  AB  (Fig.  7.)>  ^md 
consisting  of  the  four  equal  nftera  AC,  CD,  DE,  £B. 
There  can  be  no  doubt  but  that  its  best  form  is  that 
which  will  put  all  the  parts  in  equilibrio,  so  diat  no  tie^ 
or  stAjs  may  be  necessary  for  opposing  the  unbalanced 
thrust  of  anj  part  of  it  Make  a  chain  ucdeb  (Fig.  8.) 
of  four  equal  pieces,  loosely  connected  by  pis-jointfe 
round  which  the  parts  are  perfectly  moreable.  Suspend 
An  from  two  pins  a,  h^  fiked  in  a  hmrisolital  line.  Thia 
chain  or  festoon  will  arrange  itself  in  such  a  form  that  its 
parts  are  in  equilibrio.  Then  we  know  that  if  the  figure 
-be  inrerted,  it  will  compose  the  frame  or  truss  of  a  kirb* 
roof  ayl^h^  which  ir  also  in  equilibrio,  the  thrusts  of  the 
pieces  balancing  each  other  in  the  same  manner  that  the 
mutual  pulls  of  the  hanging  festoon  acith  did.  If  the 
proportion  of  the  height  d/ to  the  width  ahn  not  such  9m 
pleases,  let  the  pins  a,  &,  be  pbced  nearer  or  more  distant, 
till  a  inroportion  between  die  width  and  height  is  obtained 
which  jdeases,  and  then  make  the  figure  ACDEB  Fig.  7. 
similar  to  it  It  is  evident  that  this  propoMtion  wiH  ap- 
|ily  in  the  same  manner  to  the  determination  of  the  form 
jof  an  arch  of  a  bridge ;  but  tiiis  is  not  a  proper  place  for  a 
Ikrther  discussion. 

•  We  are  now  able  to  compute  aD  the  thrusts  and  other 
pressures  which  are  exerted  by  the  parts  of  a  roof  on 
each  other  and  on  the  walls.  Let-  AB  (Fig.  9.)  be  a 
4ieam  standing  any  how  obliquely,  and  6  its  centre  of 
graTity.  Let  us  suppose  that  the  ends  of  it  are  support* 
ad  in  any  directions  AC,  BD,  by  strings,  props,  or  planes. 
Let  these  directions  meet  in  the  point  P  of  the  vertical 
line  P6  passing  through  its  centre  of.  gravity.  Througb 
G  draw  Inies  G«,G&  parallel  to  PB,  PA.    Then 

The  weight  of  the  bean       \  rPG 

'l^he  pressure  or  thrust  at  A  Vare  proportional  to-<  P  a 
The  pressure  at  B  }  iPi. 
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For  when  a  body  is  in  eqnilibrio  between  three  forcet^ 
Uieae  forces  are  proportional  to  the  sides  of  a  triangle 
which  have  their  directions. 

In  like  manner,  if  A  ;  be  drawn  parallel  to  P  6,  we  shall 
have 

Weight  of  the  beam  )  r  P; 

Thrust  on  A  [-proportional  to-|  PA 

Thrust  on  B  j  (B^ 

Or,  drawing  B  y  parallel  to  P  a 

Weight  of  beam)  TP 

Thrust  at  A        [-are  proportional  toJ  B  y 
Thrust  at  B       )  ( PB. 

It  cannot  be  disputed  that,  if  strength  alone,  be  consi^ 
dered,  the  proper  form  of  a  roof  is  that  which  puts  the 
whole  in  equilibrio,  so  that  it  would  remain  in  that 
shape  although  all  the  joints  were  perfectly  loose  ot 
fleziUe.  If  it  has  any  other  shape,  additional  ties  or 
braces  are  necessary  for  preserving  it,  and  the  parts  are 
unnecessarily  strained.  When  this  equilibrium  i^  ob* 
tained«  the  rafters  which  compose  the  roof  are  all  acting 
•n  each  other  in  the  direction  of  their  lengths  ;  and  by 
this  action,  combined  with  their  weights,  they  sustain  no 
strain  but  that  of  compression,  the  strain  of  all  others 
that  tliey  are  the  most  idile  to  resist.  We  may  consider 
them  as  so  many  inflexible  lines  having  their  weights 
accumulated  in  their  centres  of  gravity.  But  it  will  al* 
low  an  easier  investigation  of  the  subject,  if  we  i^uppose 
the  weights  to  be  at  the  joints,  equal  to  the  real  verti- 
cal  pressures  which  are  exerted  on  these  points.  These 
are  very  easily  computed ;  for  it  is  plain,  that  the  weight 
of  the  beam  AB  (Fig.  9.)  is  to  the  part  of  this  weight 
that  is  supported  at  B  as  AB  to  AG.  Therefore,  if 
W  represent  the  weight  of  the  beam,  the  vertical  prefr* 

AG 
sure  at  'B  will  be  W  x  -xg'*  ^^^^  ^h®  vertical  pressure 

BG 
at  A  wai  be  W  X  -7^.    In  IiIec  maniMr,  thc^  prop  BE 
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being  cohsidered  as  another  beaiii»  and /as  its  centre  of 

gravity,  and  w  as  it  weight,  a  part  of  this  weight,  equal 

fF 
to  10  X  iipTf  is  supported  at  ]3,  and  the  whole  vertical 

pressure  at  B  is  W  x  -r-ir  +  v  X  -^ir-      A"*   t*^"»  ^^ 

greatly  ^jofplify  the  construction  of  th^  mutual  thmsta 
of  roof  frames.  We  need  l^urdl7  obsfrve^  that  althoqgk 
these  pressfires  by  which  the  ports  of  &  frame  support 
each  otfier  in  oppositipn  to  the  Tertical  action  of  gravity, 
are  always  exerted  in  the  direction  of  tbe  pieces,  they 
may  be  resolved  into  pressures  acting  in  any*  other  di»ec* 
tion  wliich  may  |»ngage  our  att^tion. 

Ail  that  we  propose  to  deliver  on  this  subject  at  present 
may  be  included  iq  the  following  proposition. 

Let  ABCDE  (Fig.  10.)  be  an  assemblage  of  rafters 
in  a  vertical  plane,  resting  on  two  fize^  points  A  and  E  in 
a  horizontal  lin^,  and  perfectly  moveable  round  all  the 
joints  A,  B^  C,  D,  £ ;  and!  let  it  be  supposed  to  be  in 
4^uilibrio,  and  let  us  investigate  what  adjustment  of  the 
different  circumstances  of  weight  and  inclination  of  its 
different  parts  is  nepessafy  for  producing  this  equili- 
brium. 

Let  F,  6^  H,  I,-  be  the  centres  of  gravity  of  the.diffe-i 

ivnt  rafter?;  and  le(  the^e  letters  express  the  weights  of 

ifttch.    Then  (by  what  has  beep  said  above)  the  weight 

AP  ' 
fihic]i  presses  p  directly  downwards  is  F  x  -t-jt  +   G  x 

-gr^.    Tbp  ^eight  on  C  If  in  (ik<^  manner  G  x  -^^  + 

Px  ^^  and  fhfit  pn  p  4S  H  X-^  +  |  X  jj^. 

;.et  A  icdE  be  the  figure  A^CpE  inverted,  in  the 
manner  already  described.  It  may  be  conceived  as  a 
t))^^  fastened  at  A  and  £1,  ap^  loaded  ati,  c,  and  d,  with 
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the  weights  which  are  really  preuing  on  B,  C,  and  D. 
It  will  arrange  itself  into  such  a  form  that  all  will  be 
in  equilibrio.    We  may  discover  this  form  by  means  of 
this  single  consideration,  that  any  part  &  e  of  the  thread 
is  equally .  stretched  throughout  in  the  direction  of  it^ 
length.    Let  us  therefore  investigate  the  proportion  be- 
tw^n  the  weight  /^  which  w^  suppose  to  be  pulling  thi^ 
point  6  in  the  vertical  direction  hfiioth^  weight  ^  which 
is  pulling  dpwn  the  point  d  in^  a  similar  manner.    It  la 
evident,   that  since  A£  is  a  horiaontal  line,  and  the 
figures  A  6  c  d  £  and  ABODE  equal  and  similar,  the  lines 
B^  Cc,  Dd,  are  vj^cal:     Take  6/tq  represent  the 
weight  hanging  at  b-    By  stretchiog  the  tbrf»ds  b  A  tmd 
ic  it  is  set  in  opposUioa  to  the  contractile  powers. of  the 
threads,  acting  in  the  directions  k  A  imd  be^  and  it  is  in 
imn^ediate  equilibrio  with  the  equivalent  of,  these  two 
contractile  forces*    Therefore  make  bg  equal  to  ft/,  and 
joake  it  the  diagonal  of  a  parallelogram  A  ^  ig*    ^^  ^ 
evident  that  ft  A,  ft  t,  are.  the  forces  exerted  by  the  threa^i 
ft  A,  ft  c*    Tben^  ^^^  ^k^^  ^®  thread  ftc  is  equally 
stretched  in  both  direftions,  make  c k  equal  to  hi;  ck  is 
the  contractile  force  which  is  excited  (it  c>by  the  weight 
which  is  hanging  there.    Draw  k  I  parallel  to  cd,  and  1%^ 
parallel  to  ftc.      The, force  /c  i^  the  equivalent  of  the 
contractile  forces  c/:,  cat,  and  is  therefore  equal  and  op* 
posite  to  the  force  of  gravity  acting  at  C«    In  like  man- 
ner,  make  dii  =  cjn,  (ind  cqmplet^  the  parallelogram 
n  df  o,  having  the  yertical  line  qd.for  its  diagonaL    Then 
d  n  and  d|»  are  the  contractile  forces  excited  at  d,  yand  the 
weight  hanging  there  mus(  |if^  equal  to  od. 

TJii^efore,'tlie  load  at  ft  is  to  the.load  at  ({ as  ftg"  to^d  o. 
But  w^  have  seen  that  the  compressing  forces  at  B,  ^,  D, 
may  1 1^,  substituted  for  the  extending  forces  at  ft,  c,  d. 
Therefore  the  weights,  at  B,  C,  D,  w^ich  produce  the 
ciiropressionSy  are  equal  to  the  wei^ht^.  a^  ft,  c,^  wjiifh 
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IMTodoce  the  exteasioni.     Therefore 

Let  us  inqiiii*e  what  relation  there  is  between  this  pro- 
{lOrtion  of  the  bads  upon  the  joints  at  B  and  D,  and  the 
angles  which  the  rafters  hiake  at  these  joints  with  each 
bther,  and  witti  the  borison  or  the  plumb  lines.  Produce 
AB  till  it  cut  the  Tertical  Cc  in  Q ;  draw  BR  parallel  to 
€D,  and  BS  parallel  to  BE.  The  similarity  of  the  figures 
ABCDE  and  ^bcdEf  and  the  similarity  of  their  post* 
tion  with  respect  to  the  horizontal  and  plumb  lines,  show, 
'iVithbut  any  further  demonstration,  that  the  trianglcb 
QCB  and  gbi  are  similar,  and  that  QB :  BC  ^g iiih^ 
'r=A&:  ib.  Therefore  QB  is  to  BC  as  the  contractile 
'fbrce  exerted  by  the  thread  A  &  to  that  exerted  by  be;  and 
therefore  QB  is  to  BC  as  the  compt^ssion  of  BA  to  the 
'  compression  on  BC.  Then,  because  ft  t  is  eouai  *to  c  IX, 
'  and  the  triangles  CBR  and  c  ft  /  are  similar,  CB  \  BR  = 
"^ckikly^ckienij  and  CB  b  to  BR  as  the  compression  on 
CB  to  the  compj^ssioD  on  CD.  And,  in'  lilte  manner,  be> 
eausb  cm  ==  dn,  we  have  BR  to  BS  as  the  Compression 
on  BC  to  the  compression  on  BE.  Also  BR :  RS  2=: 
nd:  do^  thai  is,  as  the  compression  on  I>C  to  the  load  oa 
B.    Finally,  combining  all  these  ratios 

QC:CB—gb:b{y^gb:ke 

CB:BR=:iI:c  :H  =  keidn 

VRiBS  ^ndino^  dnino 

BS  :  RS  =  n  0  :  do  =  a  0  :  d  0,  we  have  finally 

QC  :  RS  =:£•&:  od  ^  Loadat  B:  Loadat  B. 
Nb* 
'     QC :  BC  =/,  QBC  :/,  BQC,  =/,  ABC  :/,  ABi 
BC  :  BR  =/,  BRC :  /,  BCR,  =/,  CB  d:f,b  BC 
BR :  RS  =/,  BSR : /,  RBS,  ==:/,  d  BE:/,  CDE 
'    l^herefore 
QC  :  RS  =/,  ABC./,  CB  A/,  cTBE:/,  CBE./,  AB  t 
/,*BC. 
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Or 

^    "        "•/,AB6,/CB6:  /,rfDC./,dDE- 

That  18,  the  bftds  on  the  different  joints  are  as  the  sinetf 
of  the  anglet  at  the^e  joints  directly,  and  as  the  products  of 
the  sines  of  the  angles  which  the  rafters  make  with  the 
)>Iiiml>>Unes  inversely. 

Or,  the  loads  are  as  the  sines  of  the  angles  of  the  joints 
directly,  and  as  the  products  oC  the  cosines  of  the  eleva* 
tions  of  the  rafters  jUntly. 

Or,  the  loads  at  the  joints  are  as  the  sines  of  the  angles 
at  the  joints,  and  as  the  products  of  the  secants  of  dera* 
tion  of  the  rafters  joilatly :  for  the  secants  of  angles  are  in* 
Tersely  as  the  cosines. 

Draw  the  horisontal  line  BT.  It  is  evident,  that  if 
this  be  considered  as  the  radius  of  a  circle,  the  lines  BQv 
^BC,  BR,  BS,  are  the  secants  of  the  angles  which  these  lines 
make  with  the  horizon.  And  they  are  also  as  the  thrusts 
of  those-rafters  to  which  they  are  parallel.  Therefore, 
the  thrbst  which  any  railer  makes  in  its  own  direction  is 
as  the  secant  of  its  elevation. 

The  horizontal  thrust  is  the  same  at  afl  the  angles. 
'Far  t  «»=:&»•  :k  m /i»  =  nn  =  p «-.  Therefore  both  wails 
are  eqvally  pressed  out  by  the  weight  of  the  roof.  We 
can  find  Its  quantity  by  comparing  it  with  the  load  on 
iMieofthejohtts: 
Thus,  QC  :  CB  =/,  ABC  :/,  ABi 

BC  :  BT  s=  Rad.  :/,  BCT,  =r  Rad. :/,  CB  b 
Therefore, QC :  BT  =  Rad.  x/,  ABC :/,  b  BA  xf,  bBC. 
'  504.  It  deserves  remark,  that  the  lengths  of  the  beatps  do 
not  ailect  either  the  proportion  of  the  load  at  the  diflferent 
joints,  nor  the  position  of  the  rafters.  This  depends 
merely  on  the  weights  at  the  angles.  If  a  change  of  length, 
affects  the  weight,  this  indeed  affects  the  form  also :  and 
fliis  is  generally  the  case.  For  it  seldom  happens,  in. 
deed  it  never  should  happen,  that  the  weight  on  rafters  of 
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longer  bearing  are  not  greater.  The  oorermg  alone  in-> 
cr^tses  nearly  in  the  proportion  of  the  length  of  the 
tafter. 

If  the  prc^rtion  ot  the  weigbtn  at  B,  C,  and  D,  are 
given,  as  also  th|i  position  of  any  %no  of  the  Unei^  the  po? 
sitioii  of  all  the  rtot  is  determinec)^ 

If  the  bofinontal  distances  between  th^  angles  are 
all  equal,  the  forces  on  the  different  anglies  are  pro- 
portional to  the  verticals  drawn  on  the  li^es  throngh 
these  angles  from  the  adjoining  angle,  and  the  thmstf 
from  the  adjoining  aiigl^  ^e  ^  the  linef  which  ponqect 
Ihemt 

If  the  rafters  themselves  are  of  equal  lengthsp  the 
weights  at  the  different  angles  are  as  these  vortii- 
^aU  and  as  th^  slants  of.  the  elevation  of  the  rafters 
jotntlj. 

565.  This  prq>osition  is  very  fruitful  in  its  practiad 
fonseguences.  It  is  easy  to  perceive  that  it  contains  th^ 
whole  theory  of  the  construction  of  arches;  tor  each 
stone  of  an  arf^h  may  be  considered  as  one  of  the  nftera 
of  this  piece  of  carpentry, .  since  all  is  kept  up  ^  by 
Its  mere  equilibrium.  We  may  have  an  opportuiiity 
of  M'terwards  exhibitifig  some  very  elegant  ^nd  simple 
solutions  of  the  most  diflScult  cases  of  thi^  important 
problem  ;  and  we  now  proceed  to.  make  use  oC  .the 
knowledge  we  have  acquired  for  the  construction  of 
roofs.  .        ■  « 

#66.  We  mentioned  by  the  by  a  problem  which  is  not 
v^requent  in  practice,  to  determine  the  best  form  of  a 
kirb-roof.  Mr  Couplet,  of  the  Royal  Academy  of  Paris, 
has  given  a  solution  of  it  in  an  elaborate  memoir  in  172^ 
occupying  several  lemmas  and  theorems. 

Let  AE  (Fig.  11.)  be  the  width,  and  CF  the  height; 
it  is  required  to  construct  a  roof  ABCD£  whose*  raf* 
ters  AB,  BC,  CD,  D£,  are  all  equal,  and  which  shall  be 
in  equilibrio. 
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Drtir  CE,  BUtA  bisect  it  perpendliculariy  in  H  b j  the 
line  DHG»  euttiDg  the  horitontai  line  AE  ia  O.  Aboot 
the  centre  6,  with  the  distsnce  GE,  describe  the  cirde 
fiDC.  It  matt  pMs  throvgh  C»  because  CH  is  equal  t# 
HE  and  |ha  /uigl!»  at  H  are  egual.  Draw  HK  paraflti  to 
F£,  cutting  the  circumference  in  K.  Draw  CK,  cutting 
6H  in  D.  Join  CD,  ED ;  these  Uoes  are  the  rafters  of 
half  of  the  imf  required. 

We  proFe  this  if  showing,  that  the  hMds  ii|  the  angles 
C  and  D  are  equaL  For  this  is  the  proportion  which 
results  from  the  equality  of  the  raften,  and  the  extent  of 
surface  of  the  uniform  roofing  which  they  are  supposed  to 
support.  Thoefore  produce  ED  till  it  meet  the  vertical 
FC  in  N;  and  baring  made  the  side  CBA  similar  to 
CDE,  complete  the  parallelogram  BCDP,  and  draw  DB| 
which  will  bisect  CP  in  B,  as  the  borisoptal  line  KH; 
bisects  CF  in  Q.  Draw  KF,  which  is  eyidently  paraliet 
to  DP.  Make  CS  perpendicular  to  CF,  and  eqoal  to 
F6 ;  and  about  S,  with  the  radius  SF,  describe  the  cirdf 
FK  W.  It  must  pass  Uunm^b  K^  becaule  SF  is  equal  to 
CO,  and  CQ  »  QF.  Draw  WlCf  Wg,  and  produce  BC; 
enUing  ND  in  O. 

The  angle  WKF  at  the  circamference  b  one  half  of 
the  angle  WSF  at  the  centre,  and  is  therefore  equal  to 
WSC,  or  COF.  It  is  therefore  double  of  the  angle  CEB 
or  ECS,  But  ECS  is  equal  to  ECD  and  DCS,  and  ECD 
is  on^  half  of  JHDCt  and  DCS  is  one  half  of  DCO,.or 
CDP.  Tlietefore  the  angle  WKF  is  equal  to  NDP^  and 
WK  is  parallel  to  ND,  and  CF  is  to  CW  asCP  to  CNi 
and  CN  is  equal  to  CP.  But  it  has  been  shown  above^ 
that  CN  find  CP  are  as  the  Iqads  upon  D  and  C.  These 
are  therefore  eqaal^  fmd  the  frame  ABCDE  is  in  equ^ 
librio. 

A  oompaiisop  of  thistoklton  witb  that  of  Mr  Couplet 
will  show  its  ^great  adTawkage  iu  tespcct  of  simplicity  and 
penpicuitj.    And  the  intelUgcot  fffader  i»Q  «esily  adi^ 
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l&e  eonitni^tioB  to  M17  pcoporfion  between  the  nfilien 

AB  and  BC,  which  other  circitnistaiicegy  such  nB  garret* 

rbom,  &c.  maj  render  convenient     The  constnictioB 

aiust  be  luch  that   NC    may   be  to  CP   as    CD   to 

CD  +  DE 

g- '.      Whatever  proportion  of  AB  to  BC  is 

assumed,  the  point  D'  will  be  found  in  the  circumference 
of  a  semicircle  H'  D^  k\  whose  centre  is  in  the  line  CE^ 
and  having  AB  :  BC  ^  CW  :  HE%  =:  e  A  :  i'  £.  The 
rest  of  the  construction  is  simple. 

In  buildings  which  are  roofed  with  slate,  tile,  o^ 
shingles,  the  circumstance  which  is  most  Ukelj  to  limit 
the  construction  is  the  slope  of  the  upper  rafters  CB,  CD. 
This  must  be  sufficient  to  prevent  the  penetration  of  rain, 
and  the  stripping  by  the  winds.  The  only  drcumttanct 
left  in  our  choice  in  this  case  is  the  proportion  of  the 
rafters  AB  and  BC.  Nothing  is  easier  than  makiBg  NC 
to  CP  in  any  desired  proportion  when  the  angle  BCD  is 
given. 

567.  We  need  not  repeat  that  it  is  always  a  desirable 
thing  to  form  a  truss  for  a*  roof  in  such  a  manner  that  it 
shall  be  in  equilibrio.  When  this  is  done,  the  whole  Cu^ce 
of  the  struts  and  braces  whidi  are  added  to  it  is  employed 
in  pre^ving  this  form,  and  no  part  is  expendedin  unne^ 
cessmry  strains.  For  we  must  now  observe,  that  the  equi- 
librium of  wbidi  we  have  been  treating  u  always  ^of  thai 
kind  which  we  call  the  tottering,  and  the  roof  requires 
stays,  braces^  or  hanging  timbers,  to  give  it  stiffness,  or 
keep  it  in  shape.  We  have  also  said  enbugh  to  enaUe 
any  reader,  acquainted  with  the  most  deanntary  geome* 
try  and  mechanics,  to  conqpute  the  transverse  strains  and 
the  thrusts  to  which  the  component  parte  .of  all  roofs  «e 
exposed. 

666'.  It  only  Ihemanis  nenw  to  Aow  the  general  maxims 
i)y  which  all  roofs  must  be  eonstructed,  and  the  ctrcuro* 
stances  which  determine  tlieir  eieeUenee.    In  doing  this 
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we  AM  be  exceedingly  brief,  an^  ilmost  cmteht  our* 
•elves  with  exhibiting  the  principal  forms,  <rf  which  the 
endless  varietj  of  roofs  are  onfy  dight  modificalions* 
We  shall  not  trouble  the  reader  with  anj  account  of  snch 
roofs  as  receive  part  of  their  support  from  the  interior 
walls,  but  confine  ourselves  to  the  more  difficult  problem 
€»f  throwing  a  roof  over  a  wide  b^ilding,  without  anj  in« 
termediate  support ;  -  because  when  such  roofs  are  oon* 
atmeted  in  the  best  manner,  that  is,  deriving  the  greatest 
jKMsible  strength  from  the  materials  emplojed,  the  best 
construetioB  of  the  o^ers  is  necessarily  included.  For  all 
such  roofs  as  rest  on  the  middle  walls  are  roofs  of  smaller 
bearing.  The  only  exception  deserving  notice  is  the 
roofs  of  churches,  which  have  aisles  separated  firom  the 
ttave  by  columns.  The  roof  most  rise  on  these.  But  if 
it  is  of  .an  arched  form  internally,  the  horizontal  thrusts 
must  be  nicely,  balanced,  that  they  may  not  push  the 
columns  aside. 

•  569.  The  simplest  notion  of  a  roof-*frarae  is,  that  it  con* 
«ists  of  two  rafters  AB  and  BC  (Fig.  18.),  meeting  in  ths 
xidge  B. 

I  Even  this  simple  form  is  susceptible  of  better  and  worst* 
We  have  afaneady  seen,  that  when  the  weight  of  a  square 
yard,  of  covering  is  given,  a  steeper  roof  requires  stronger 
rafters,  and  that,  when  the  scantling  of  the  timbors  is  also 
given,  the  relative  strength  of  a  rafter  is  inveneiy  as  its 
Jength.  But  there  is  now  another  drcumstanee  to  be 
taken  into  the  account,  vix.  the  support  which  one  rafter 
leg  gives  to  the  other.  The  best  form  of  a  rafter  wiM 
therefore  be  that  in  which  the  relative  strength  of  the 
'legs,  and  their  mutual  support,  give  the  greatest  product 
.Mr.  MuUer,  in  his  Military  Engineer^  gives  a  determina- 
tion' of  the  best  pitch  of  a  roof,  which  has  considerable 
.ingenuity,  and  has  been  copied  into  many  books  of  mili- 
tary education  both  in  this  island  and  on  the  Continent. 
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Describe  <ni  the  width' AC,  Fig.  IS.  tte  aencirtle  ACF^ 

and  bisect  it  bjr  the  radius  FD.     Prodiide  the  tafter  AB 

to  the  clreumCBr^tee  ia  £,  join  EC,  and  draw  the 

perpdidleuUir  £(r.     New  AB  :  AD  =:  AC  :  AE^  aiikd 

AD  X  AC 
AE  == TTjj^ — f  tod  AE  is  inversely  as  AB,  and  ma)^ 

therefore  represent  Hs  sttalgth  in  relation  Co  the  wtfghi 
actoaUy  lying  on  it  Ako  the  support  whidi  CB  gives  to 
AB  is  as  CE,  because  CE  is  perpendicnhr  to  AB.  There* 
fore  the  form  which  renders  A£  x  EC  a  maxittuni  seems 
to  be  that    which   has    the  greatest    strangth.*     But 

AC:  AE  =  EC  :  EG,  and  EG  =  :*^1^,  and  is  there- 

tote  pr6pdrtionai  to  AE.EC.  Now  EG  is  a  maximum 
when  B  is  in  F^  and  a  square  pitch  is  ia  this  respect  the 
strongest*  Biit  it  is  ve^. doubtful  wheih^  this  coA- 
struotion  is  dedueed  from  just  ptincipUs.  Th^re  is  anL 
other  strain  to  which  the  leg  AB  is  exposed,*  which  is  not 
taken  into  the  account.*  This  arises  ftom  the  Curvature 
which  it  unavoidnUy  acquire  by  the  trausrerse  pressure 
of  its  load.  In  this  state  it  is  pressed  in  its  own  diirection 
hj  the  iabutment  and  IbAd  of  the  other  leg.  Th6  relation 
between  this  strain  aftd  the  resistance  of  the  piece  is  not 
▼ery  distinctly  known.  Euler  has  given  a  dissertation  on 
thb  subject  (which  is  of  great  importance,  because  it  af- 
fects posts  and  pillars  of  all  kinds;  and  it  is  very  weH 
ktiown  that  a  post  of  ten  feet  long  and  six  inches  square 
will  bear  with  gre&t  safety  a  weight,  which  wouM  crush  * 
post  of  the  same  seantlfarg  and  20  feet  long  in  a  minute) ; 
but  his  determination  has  not  been  acquiesced  in  by  the 
first  mathematicians.  Now  it  iff  in  relation  to  these  two 
strains  that  the  strength  of  the  rafter  should  be  adjusted. 
•The  firmness  of  the  supjport  given  by  the  other  leg  is  of  no 
consequence,  if  its  own  strength  is  inferior  to  the  strain. 
The  force  which'  tends  to  csush  the  leg  AB,.  by  compress- 
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ing  it  in  its  cnrrdf  stafe,  it  to  Hg  weftght  ^  Afi  to  BD# 
as  is  easily  seen  by  the  cdmpositioto  offerees ;  ahd  its  in»^ 
curvation  by  this  foree  has  tf  relatioa  to  it,  whieb  is  of  in^ 
trieate  determinalion.  It  is  eionialiied  in  the  pit^^erttes 
demonstrated  by  Bernoulli  of  the  elastic  cprve.  This  de» 
termination  also  includes  the  relation  betilr^en  the  eurva-> 
ttti^  and  the  lengdi  of  the  piece.  Btit  the  Whole  of  this 
Seemingly  simple  problem  is  of  much  mord  diffieult  inves* 
tigation  than  Mr  Mailer  was  aware  of4  and  his  roles  fo^ 
the  pitch  of  a  roof,  and  for  the  sally  of  a  dock  gate,  whick 
depends  on  the  same  principles,  are  of  no  value.  He  is^ 
however,  the  .first  author  who  attempted  to  solve  either  of 
these  problems  on  mechanical  principles  susceptible  of 
{nrecise  reasoning.  Belidor^s  solutioosi  in  his  ArekUedvr^ 
SydroMliquiy  ai^l>dow  notice. 

•  Reasons  of  economy  have  made  carpenters  prefer  a  low 
pitch ;  and  although  this  does  diminish  the  support  given 
by  the  opposite  leg  faster  than  it  increases  the  relative 
rtrength  of  the  other,  this  is  not  of  material  consequence^ 
because  the  strength  remaining  in  the  opposite  leg  is 
still  very  great ;  for  the  supporting  leg  is  acting 
jigainst  compression,  in  which  case  it  is  vastly  stronger 
than  the  supported  leg  acting  against  a  transverse 
strain* 

&70.  Bttta  roof  of  this  simplicity  will  not  do  in  most 
«ases.  There  is  no  notice  taken  in  its  constmetion  of  the 
thrust  which  it  exerts  on  the  walls.  Now  this  is  the  strain 
which  is  the  most  haaardous  of  all.  Our  ordinary  .walls, 
instead  of  being  able  to  resist  any  considerable  strain 
pressing  them  outwards,  require,  in  general,  some  ties  to 
keep  them  on  foot  When  a  person  thinks  of  the  thin- 
ness and  height  of  the  walls  of  even  a  strong  house,  he 
will  l>e  surprised  that  they  are  not  blown  down  by  any 
strong  blast  of  wind.  ▲  wall  of  three  feet  thick,  and  60 
fcet  high,  could  not  withstand  a  wind  blowing  at  the  rate 
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of  90  feet  per  second  (in  wbicfa  case  it  acts  with  a  force 
considerably  exceeding  two  pounds  on  every  square 
foot),  if  it  wepe  not  stiffened  by  cross  walls,  joists,  and 
roof,  which  all  help  to  tie  the  different  parts  of  the  build* 
ing  together. 

571.  A  carpenter  is  therefore  exceedingly  oareAil  to 
avoid  every  horiaontat  thrust,  or  to  oppose  them  by  other 
forces.  And  this  introduces  another  essential  part  into 
the  construction  of  a  roof,  namely  the  tie  or  iemi  AC9 
(Fig*  14.),  laid  from  w$ll  to  wall,  binding  the  feet  A  am} 
C  of  the  rafters  together.  This  is  the  sole  office  of  the 
beam ;  and  it  should  be  considered  in  nb  other  light  than 
as  a  string  to  prevent  the  roof  from  pushing  out  the  walk. 
It  is  indeed  used  for  carrying  the  ceiling  of  the^partments 
under  it :  and  it  is  even  made  to  support  a  flooring.  But, 
considered  as  making  part  of  a  roof,  it  is  merely  a  string ; 
and  the  strain  which  it  withstands  tends  to  tear  its  parts 
asunder.  It  therefore  acts  with  its  whole  absolute  forces 
and  a  very  small  scantling  would  suffice  if  we  could  con- 
trive  to  fasten  it  firmly  enough  to  the  foot  of  the  rafter. 
If  it  is  of  oak,  we  may  safely  subject  it  to  a  strain  of  three 
tons  for  every  square  inch  of  its  section.  And  fir  wiU 
safely  bear  a  strain  of  two  tons  for  every  square  inch. 
But  we  are  obliged  to  give  the  tie-beam  much  larger  di- 
mensions, that  we  may  be  able  to  connect  it  wi^  the  foot 
of  the  rafter  by  a  mortise  and  tenon.  Iron  straps  are  aim 
frequently  added.  By  attendiog  to  this  office  of  the  ti^ 
.beam,  the  judicious  carpenter  is  directed  to  the  proper 
form  of  the  mortise  and  tenon  and  of  the  strap.  We  shall 
•consider  both  of  these  in  a  proper  place,  after  we  become 
acquainted  with  the  various  strains  at  the  joints  ot  a 
roof. 

These  large  dimensions  of  the  tie-beam  allow  us  to 
load  it  with  the  ceilings  without  any  risk,  and  even  to  lay 
floors  on  it  with  moderation  an^  caution.    But  when  it 
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liai  4  greftt  befrivg  or  sfMH*  it »  yerj  apt  to  bend  down- 
W9f4§  in  this  middle,  oft  m  tb«  worki^eo  term  it«.to8waj 
or  MTf^g ;  and  it  r^quiiref  a  fUfpoft*  The  question  t% 
irh^re  jU>  find  this  fuppoHrt  t  wW  fixed  pcnntt  c$n  w^ 
9j»d  with  which  to  connect  the  middle  of  the  tie<»beam  t 
Some  ingenious  oerpenler  thought  of  nispmding  it  from 
the  ridgie  by  a  pie^e  of  timber  BP  <Fig.  16.)  caUed  hf 
eivr  carpenters  th^  Ifdi^-po^.  It  must  be  acfcnpwledgr 
^d.th^t  there  w^s  gr^  ii^enuity  in  this  (.bought  I| 
was  also  perfectly  just  For  the  weight  ot  the  raftar# 
BA«  BCs  tends  to  inake  them  fly  out  at  tb^  foot  Thip  is 
prevented  by  the  tie-b§an^  and  this  excites  a  pressure,  bf 
which  they  tend  to  pompress  each  oUier*  Suppose  the^ 
withw^  weighty  wi  ih«t  a  gre#t  weight  is  laid  on  the 
ndgl^  B.  This  ca^  be  supported  only  bytb^  butting  o{ 
the.  rafters  in  their  ^wn  directions  AB  and  CB,  and  the 
W^ght  tends  to  oOimpress  thejn  in  the  opposite  directiooSf 
w4  tbqwg^  ^l^^ir  fart^venUon,  to  stretch  ithe  tie4)eam. 
If  ijieither  thie  refters  can  be  compressed,  nor  the  U^^beam 
str^tchedj  it  is  plain  that  the  triantgle  ABC  must  retain 
its  shape,  and  that  B  becooKes  a  fixed  pcunt^  \'ery  proper 
$o  h^  used  as  a  point  of  siispeosioop  .  To  this  point,  there- 
fcwne,  js  th^  lie«beam  susp^ded  by  means  of  the  king-post« 
J^  cpiwion  spe^tabor,  uaacquainted  with  carpentry^  riews 
it  Teiy  diffe9e|it)j|r«  and  the  tje^beam  appears  U>  hiin  to 
ffirify  the  roof.  The  king-post  appears  #  pillar  res^iogen 
tbe  hea9^  whereas  it  is  really  a  string  s  and  an  iron  rod  of 
OHe-Wte^Mh  of  the  siite  would  hav^idone  jqst  m  welt 
Th^  king-^post  U  sometimes  mortised  into  the  tie-beaiUft 
wA  pins^  put  through  the  joints  which  gives  it  more  the 
)c¥>k  qf  a  pittar  with  the  roof  r^tiag  on  it  This  4pee 
W^U  iKUOugh  in  many  e#sps.  But  th^  hest  method  is  ta 
ccuwert  them  by  an  iron  strap}  like  astiriupi  whieb  is 
tioUed  at  its  upper  ends  ixito  the  hiDg*pQsity  apd  passes 
ropnd  the  ti6-beam<  In  this  way  9'  space  ia  ciommanly 
left  between  the  end  of  the  king-post  and  the  upper  side 
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of  the  iie-betm.  Here  tlie  beam  plainly  appears  hungitkg 
in  the  atimip ;  and  this  method  allows  us  to  restore  the 
beam  to  an  exact  levels  when  it  has  sunk  by  the  onavoid* 
able  cdmpression  or  other  yielding  of  the  parts.  The 
holes  in  the  sides  of  the  iron  strap  are  made  oblong  instead 
of  round ;  and  the  bolt  which  is  drawn  thi^ugh  all  is 
made  to  taper  on  the  under  side ;  so  that  driving  it  farther 
draws  the  tie-beam  upwards.  A  notion  of  this  may  be 
fermed  by  looking  at  Fig.  16.  which  is  a  section  of  the 
post  and  beam. 

It  requires  considerable  attention,  however,  to  make 
this  suspension  of  the  tie-beam  sufficiently,  firm.  The 
top  of  the  king-post  is  cut  into  the  form  of  the  arch* 
stone  of  a  bridge^  and  the  heads  of  the  rafters  are  firmly 
mortis^  into  this  projecting  part.  These  projections  are 
called  joggles,  ahd  are  formed  by  working  the  king-post 
out  of  a  much  larger  piece  of  timber,  and  cutting  off  the 
unnecessary  wood  from  the  two  sides ;  and,  lest  all  thia 
should  not  be  sufiicient,  it  is  usual  in  great  works  to  add 
an  iron-plate  or  strap  of  three  branches,  which  are  bolted 
into  the  heads  of  the  king-post  and  rafters. 

The  rafters^  though  not  so  long  as  the  beam,  seem  to 
stand  as  muth  in  need  of  something  lo  prevent  their  bend* 
ing,  for  they  carry  the  weight  of  the  covering.  This  can- 
not be  done  by  suspension,  for  we  have  no  fixed  pomts 
above  them :  But  we  have  now  got  a  very  firm  point  of 
support  at  the  foot  of  the  king-post  Bracts^  or  «lnit«, 
£  D,  F  D,  Fig.  17.  are  put  under  the  middle  of  the 
lafters,  where  they  are  slightly  mortised^  and  their  lower 
ends  are  firmly  mortised  into  joggles  formed  on  the  fbot 
of  the  king-post.  As  these  braces  are  very  powerful  in 
their  reststsliee  to  compression,  and  the  king-post  equally 
so  to  rerist  extension,  the  pomts  £  and  F  may  be  omisi-i 
dered,  as  fixed ;  and  the  rafters  being  thus  reduced  to  half 
their  former  lengthy  have  now  four  times  their  former 
relative,  strength. 

£72.  Roofs  do  not  always  consist  of  two  sloping  sides 
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ineeting  in  a  ridge.  They  hare  sometimes  i  flat  on  the 
top»  ^th  two  sbpilig  sides.  Thej  are  sometimes  formed 
^ith  a  double  slope,  and  are  called  kirb  or  m^msarde  rod/s. 
They  sometimes  hare  a  tMej  iif  the  middle^  and  are  then 
tailed  Hf  rooft.  Such  roofs  require  another  piece  which 
may  be  called  the  trusa-beamy  because  stll  such  frames  are 
baited  truHea^  ph>bably  from  the  French  ttrdrd  ttdum^  be- 
cause such  roofs  are  like  portions  of  ptaiiK  roofs',  tfousa^s  ot 
^ort^n^cl.  [ 

A  flat- topped  roof  is  thus  constructed.  Suppose  that  there* 
are  thre^'  rrffttrs  AB,  BC,  CD  (Fig.  18.)  of  which  AB  and 
CD  are  eqbal,  and  BC  horizontal.  It  is  plain  that  thej 
Win  be  tn  eqiiilibrio,  and  th^  roof  have  no  tendency  to  go 
to  either  side.  The  tie-beam  AD  withstands  the  horizon- 
lal  thrusts  of  the  whole  frame,  and  th6  two  rafters  AB 
Md  CD  are  each  pref^sed  id  their  own  directions  iii  con- 
a^tietic'e  of  their  butting  with  the  middle  rafter  or  truss- 
beam  BC.  It  lies  between  them  like  the  iey-stone  of  an 
arch.  Tbiey  lefan  towards  it,  and  it  rests  on  them.  The 
^ssurb  which  the  truss-beam  and  its  load  excites  on  the 
tiro  rafters  is  the  tery  same  as  if  the  rafters  were  produ^ 
ced  till  they  meet  in  6,  and  a  weight  were  laid  on  these 
i&qiidl  to -that  of  BC  and  its  load.  If  thei'efore  the  tniss- 
beam  is  of  a  Scaiitling  suflicient  for  carrying  its  own  load, 
and  wit&standfeg  thcj  {Compression  from*  the  two  rafters; 
the  roof  Win  be  equally  strong  (while  it  keeps  its  shape) 
as  the  plaiii  roof  A6D  furnished  with  -king- post  and 
bl'aces.  We  may  conceive  this  another  way.  Suppose  & 
plain  roof  A6D,  without  braces  to  support  the  middle  B 
and  C  of  the  rafters.  Then  let  a  beam  BC  be  put  in  be- 
tween' the  hiflers,  butting  upon  little  notches  cut  in  the 
rafters.  *  It  is  evident  that  this  must  prevent  the  rafters 
from  bebding  downwards,  because  the  points  B  and  C 
cannot  descend,  moving  round  the  centres  A  and  D,  with^ 
out  shortening  the  distance  BC  betireen  them*  This  canf- 
not  be  -vrithout  compressing  the  beam  !PC.    It*  is  plain 
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that  BC  may  be  wedged  in,  or  wedges  driren  in  betwem 
its  ends  B  -  and  C  and  the  notches  in  which  it  is  lodged. 
These  wedges  may  be  driven  in  till  thejr  even  force  oi4 
the  rafters  6A  and  GD.  Whenever  this  happens,  ai) 
the  mutual  pressure  of  the  heads  of  these  rafters  at  G  if 
taken  away,  and  the  parts  GB  4nd  GC  maj  be  cut  awaj^ 
and  the  roof  ABCD  will  be  as  strong  as  the  roof  AGQ 
furnished  with  the  king-post  and  brac^,  because  the  truss* 
beam  gives  a  support  of  the  same  kind  at  B  and  C  as  th^ 
brace  would  have  done. 

But  this  roof  ABCD  v?ou]d  have  no  firmness  of  ^hape. 
Any  addition  of  weight  on  one  side  would  destroy  thf 
/equilibrium  at  the  angle,  would  depress  that  aagle>  and 
cause  the  opposite  one  to  rise.  To  give  it  stiffness,  it  must 
either  have  ties  or  braces,  or  something  partakjng  of  tfaf 
nature  of  both.  The  usual  method  of  framing  is  to  mak# 
the  heads  of  the  rafters  butt  on  the  joggles  of  two  side* 
posts  BE  an4  CF,  while  the, truss-beam,  or  strut,  as  it  is 
generally  termed  by  the  carpenters,  is  mortised  square 
into  the  inside  of  the  heads.  The  lower  ends  £  and  F  of 
the  side-posts  are  connected  with  the  tie-beam  either  by 
mortises  or  straps. 

This  construction  gives  firmness  to  the  frame;  for  the 
angle  B  cannot  descend  in  consequence  of  any  inequality 
of  pressure,  without  forcing  the  other  angle  G  to  rise. 
This  it  cannot  do,  being  held  down  by  the  post  CF.  And 
the  same  conitruction  fortifies  the  tie-beam,  which  is  now 
suspended  at  the  points  £  and  F  from  the  points  B  and  C^ 
whose  firmness  we  have  just  now  shown. 
.  57S.  But  flthough  this  roof  may  be  made  abundantly 
strong,  it  is  not  quite  so  strong  as  the  plain  rpof  AGD  of 
the  same  scantling.  The  compression  which  BC  mus^ 
sustain  in  order  to  give  the  same  support  to  the  rafters  at 
B  and  C  that  was  given  by  braces  properly  placed,  ip 
considerably  greater  than  the  compression  of  the  brape^. 
And  this  strain  is  an  addition  to  the  transversci  sUsain 
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"^hich  BC  gets  from  its  own  load.    This  form  also  mces- 
torilj  exposes  the  tie-beam  to  cross  strf^ns.    If  BE  ii 
aaortised  into  the  tie-beam,  then  the  strain  which  tends  to 
depress  the  tatgle  ABC  presses  on  the  tie-beam  at  E  trans- 
Yersely^  while  -a  contrary  strain  acts  on  F»  polling  it  up* 
wards.    These  strains  hqWerer  are  small ;  and  this  con- 
Btraetion  is  frequently  used,  being  susceptible  of  sufficient 
strength,  without  much  increase  of  the  dimensions  of  the  ^ 
timbers ;  and  it  has  the  great  advantage  of  giving  free 
loom  in  the  garrets.  Were  it  not  for  thi^,  there  is  a  mudif 
more  perfect  form  represented' in  Fig.  19.    Here  the  two 
posto  BE,  Ct*,  are  united  below.    AQ  trahsverse  action  onl 
the  ti^beaDtt  is  now  entirely  removed.    We*  are  almost 
dbposed  to  say  that  this  is  thd  strongest  roof  of  the  same 
#idth  and  slope :  for  if  the  iron  strap  whi^  connects  thcf 
pieces  BE,  CF,  with  the  tie-beam  have  a  large  bolt  Gf 
through  it,  confining  it  to  one  point  of  the  beam,  there 
are  five  points  A»  B,  C,  D,  6/  which  cannot  change  their 
piaoes,  and  there  u  no  transverse  strain  in  any  of  the  con« 
nections. 

When  the  dimensions  of  the  building  are  very  great, 
$0  that  the  pieces  AB,  BC,  CD,  would  be  thought  too 
weak  for  withstanding  the  cross  strains,  braces  may  be 
added  as  is  expressed  in  Fig.  18.  by  the  dotted  lines. 
The  reader  will,  observe  that  it  is  not  meant  to  leave  the 
top  flat  eztemaliy :  it  must  be  raised  a  little  in  the  middle 
to  carry  off  the  rain.  But  thirmust  not  be  dope  by  in- 
eurvating  the  beam  BC.  This  would  soon  be  crushed, 
and  spring  upwards.  The  slopes  must  be  given,  by 
pieces  of  timber  added  above  the  strutting  beam. 

&74.'  And  thus  we  -have  completed  a  frame  of  a  roof.  It 
consbts  of  these  principal  members :  The  rafters,  which 
aire  immediately  loaded  with  the  covering ;  the  tie-beam, 
which  withstands  the  horizontal  thrust  by  which  the  roof 
tends.to  fly  out  below  and  push  out  the  walls ;  the  king- 
posts,-which  hang  from  fixed  points  and  servt  to  uphpld 
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the  tie^beaoiy  and  ^so  to  ia^ocd  other  fixed  poiqts  am 
which  wfi  niay  rffi  the  hi^t^ce^  which  appport  thp  middld 
^f  th^  rafter ;  and  lastly,  i\ie  truss  qr  ^triittioigi'beaait 
which  serves  to  give  mutual  alHitinent  to  the  ^iflerenft 
parts  which  are  at  a  distaQC^  froip  aacb  other^  The 
rafters,  braces,  and  trMs^ea^  mre.e|cposed  tq  cpippressioiit 
and  must  therefore  have  not  qnly  <^esion  but  stiffness. 
For  if  tbcy  bend,  the  prodigious  conipression^  t.Q  wibi^b 
they  iM^^  subjected  would  quickly  cmisb  th^m  in  this  bend- 
ed state.  The  tie-beams  aqd  king-postSy  if  performing 
|io  other  office  but  siipportiog  the  roof,  do  not  require 
9ti£fness,  and  their  places  ipigbt  be  sfipplied  by  ropes,  or 
^y  rods  of  iron  of  pne-tenth  part  of  the  section  that  even 
the  smaljeit  oak  stretcher  requires.  These  meipbers  re* 
quire  no  greater  ditpensjoni  tbap  wha^  is  peoe^ary  for 
giving  suffiqeqt  joints,  and  any  mor^  is  a  needless  ^xpepi^ 
and  load.  All  roofs,  howeyer  complicated,  consist  of  these 
essential  pafts,  and  \f  pieces  of  timber  are  to  be  seea 
Fhich  perform  npne  of  these  offices,  they  mnst  be  pro- 
nounced useless,  and  they  are  frequently  hurtful,  by  pro- 
ducing cross  strains  in  some  pther  piece.  In  a  roof  pro- 
perly constructed  there  should  be  no  sucb  strains.  AU  the 
timbers,  except  those  wbicb  immediately  carry  the  cgyer- 
ing,  sbppld  be  either  pmhed  or  4j^awn  in  thp  direction  of 
their  length.  And  thi$  is  tl)e  riile  by  which  a  roof  should 
aUvays  \^p  examined* 

57$.  These  essential  part^  are  flfuscep^ible  of  numberlesa 
combinations  and  vorietiest  But  |t  is  a  prudent  maxim 
to  ma)s;e  the  construction  as  simple,  and  cqpsisting  of  as 
few  parts,  as  possible.  Wp  are  less  exposed  to  the  imper* 
Sections  of  workmanship,  such  as  Ipos^  jointsi  j^c.  An- 
other essential  harm  arises  from  many  pieces,  by  the  com-* 
pressioo.find  the  shrinking  of  the  timber  in  the  cross  d^ 
rection  pf  the  fibres.  The  effect  of  this  is  equivalent  to 
the  shortening  of  the  piece  which  butts  op  thp»joint. 
T|iis  alter»(  (he  proportions  of  the  sid^  of  the  trian£[(e  oii 
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yrhich  the  abape  joi  the  whole  dlependb.  Now  in  a  rooC 
eueb  aa  Fig.  18.  there  is  twiee  aa  much  of  this  as  in  the 
plain  pent  roof»  because  there  are  two  posts.  And  whea 
the  direction  of  the  hotting  pieces  is  very  oblique  to  the 
action  of  the  load,  a  small  shrinking  permits  a  great  changa 
of  shape.  Thus  in  a  roof  of  what  is  called  pediment  pitel^ 
where  the  rafters  make  an  angle  of  90  degrees  with  the  , 
horinni,  half  ad  inch  compression  pf  the  king-post  will 
produce  a  sagging  of  an  inch,  and  occasion  a  great  straiii 
iOn  the  tie-beam  if  the  posts  are  mortised  into  it. 

We  would  therefore  recommend  Fig.  20.  as  a  proper 
construction  of  a  trussed  roaf,  preferable  to  that  which  is 
generally  used,  and  the  king-post  which  is  ph^ed  in  it 
majr  be  employed  to  support  the  u|^per  part  of  the  rafters^ 
and  also  for  preventing  the  strut^beam  fnmi  bending  in 
either  direction  in  consequeuce  of  its  great  com|M*ession, 
It  will  also  give  a  suspension  for  the  great  burdens  which 
Hre  sometimes  aeoessaiy  in  a  theatre.  The  machinerj 
has  no  other  firm  points  to  which  it  can  be  attached ;  and 
the  portion  of  the  single  rafters  which  carry  this  king-post 
are  but  short,  and  therefore,  may  be  considerably  loaded 
with  safety. 

We  observe  in  the  drawings  which  we  sometimes  have 
of  Chinese  buildings,  that  the  trussing  of  roofs  is  under* 
stood  by  them.  Indeed  they  must  be  very  experienced 
carpenters.  We  see  wooden  buildings  run  up  4o  a  great 
height,  which  can  be  supported  only  by  such  trussing. 
One  of  these  is  sketched  in  Fig.  21.  There  are  some 
very  excellent  specimens  to  be  seen  in  the  buildings  at 
iPeptford,  belonging  to  the  victualling-office,  usually  called 
the  Sc4  Jff^m$e,  which  were  erected  about  the  year  1788, 
and  we  believe  are  the  performance  of  Mr  James  Arrow 
of  the  Soard  of  Works,  one  of  the  n|ost  intelligent  artists 
in  this  kingdom. 

,    fi79.  Thus  have  we  given  an  elementary,  but  a  rational 
m  scientifica  account  of  this  important  part  of  the  art  of 
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earpentry.    It  is  such,  that  any  pfaetilioii€fr,  witft  tii« 
trouble  of  a  little  reflection,  may  alvr Ays  pftioeed<  with 
eoniidence,  and  withoiit  resting  any  part  ot  hiffpraetieeod 
the  vague  notions  whieb  habit  may  hate  giiFetl  bim  of  th^ 
Itrength  and  supports  of  timbers,  and  of  their  manner  of 
acting.    That  these  fi-equentty' mislead,  is  proved  by  tho 
inutuaf  criticisms  which  are  frequently  publi^ed  by  the 
rivals  in  the  profession.    They  have  frequently  ^ngackf 
Enough  {tor  it  can  seldom  be  called   science)  to  point 
out  glaring  bhmders ;  and  any  person  who  will  lo^  al 
lk>me  of  the  perfdmianceft  of  Mr  Price,  Mr  Wyatt,  Mr 
Arrow,  and  others  of  acknowledged  reputation,    wiU 
readily  see  them  distinguishable  from  Che  woffcs  of  ittft^ 
rior  artists  by  simplicity  alone.  A  man  without  principlei 
is  apt  to  consider  an  intricate  construction  a$  iiVgentous  and 
effectual ;  and  such  roofs^  sometimes  fdil  merely  by  being 
ingeniously  loaded  with  timber,  but  more  frequently  stiH 
by  the  wrong  action  of  some  useless  piece^  which  produces 
Mrains  that  are  transverse  to  Other  pi^cei,  or  whieb,  by 
rendermg  some  points  too  firm,  cikuse  them  to  be  deserted 
by  the  rest  in  the  general  subsiding  of  the  whole.    In* 
stances  of  this  kind  are  pointed  out  by  Price  in  his  British 
Carpenter,    Nothing  shows  the  skill  of  a  cupenter  more 
than  the  distinctness  with  which  he  can  foresee  the  changei 
of  shape  which  must  take  phce  in  a  short  time  ni  ever^ 
roof.    A  knowledge  of  this  will  often  correct  a  oomlnie^ 
tion  which  the  mere  mathematician 'thinks  unekcep^ott* 
able,  because  he  does  not  reckon  on  the  actnar  compress 
iion  which  must  obtain,  and  imagines  that  his  trianglesji 
which  sustain  no  cross  strains,  invariably  retain  their 
shape  till  the  pieces  break.     The  sagacity  <tf  the  expe* 
rienced  carpenter  is  not,  howevar,  enough  without  MSieiico 
for  perfecting  the  art.    But  Wheii'  he  knows  how  miieh  a 
particular  piece  will  yield  to  compression  in  one  case^ 
science  will  tell  him,  and  nothing  but  science  can  do  it, 
what  wiU  be  the  compresat^n  of  the  umt  piece  in  anoihfi 
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Yeiy  WkmdelmL  Thiu  hi  leapos  hdtr  fit  It  #X|{  new 
yieU^  tad  thai  he  fifoplurtioiis  thv  poHs  g6  16  Mish  pAi^i 
that  #ten  iU  hiite.jidded  acMMfaig  t^  ihetr  ArtfiM^  thi 
whole  iff  of  the  shape  he  vjshed to|iri(h«le^aiidevH»f 
^eint  k  M  a  tlete  of  fiminen.  it  is  Item  ihut  we  okseffi 
lhe|preattfrt  number  of  im|iroprifetieB«.  -^Tbe  irtlit  iltapJ 
at  ftHjfKtMy  iw  poJiitioiis  Aot  iuited  to  the  iit«i4  ilrtM 
.  ra  th4m»  eed  thejr  «r6  in  *  stete  ef  Vfelent  twisty  #hieh 
both  ieiidh  8tfeo|^7  to  brfeafc  (be  sM^ry  and  tor  (^i{)|tte  «&% 
y«ece»  whiih  tbijr  tfammitfl. 

la  Hke  iMmter,  #e  friqnedtlf  flte  joiitts  or  iooM^ 
m  sbtte  of  viideDt  etrain  on  the  tttaoss^Bf  adf  th«  beeif  and 
JkoMtn.  The  joi^s  #ttw  feAafi  pto|tar^r  Shaped-lid 
the  {vnttive  ftem  of  ih^  tnisd;  hut  by  il»  setiKdg,  tW 
lieaHBf^  oi  the  push  is  cHio^ed :  tite  bnaee^ib#  exaBi|^ 
in  a  tefj  low  pM^hed  roof,  dbnus  to  priiaWith  tfafe  vqppet 
jMTt  of  theishoiMer;  and,  actibg  as  a  posrerfia  fever  oil 
thd  timo^  hreakftit.  In  like  tnannei^,  the  Ib^ee  end  of 
the  hraoe,^  wUdb  at  irst  bnfttddficmly  ndds^ualrelyon  tte 
joggle  of  the  king-post,  now  presses  with  o&e  eomtar  ilritji 
ptod^gions  foireey  and  seldom  failbi  te^  splintcf  off  bn  that 
tfde»  We  cannot  hdp  reeoniinending  a  malxim  of  Me 
Personetrthe  oelebrnied  hydnviie  architeetoA  Franee^  aa  4 
golden  f  ufe,  via.  to  ibalie  aU  die  shonUtors  of  bniting 
pieeet  in  the  form  of  an  areh  of  a  circle,  hnrinl;  the  oppo^ 
sple  end  of  the  pieee  for  ite  eentce.  Thus,  in  Fig.  16.  if 
the  jnggle4t>int  B  be  of  this  form,  having  A  far  its  centrei 
tfie  sagging  of  th&roof  will  make  no  pdrtisl  bbaring  nt  thi 
joint:  for  in  the  mgging  of  the  rooii^  Ihe  picM  AB  tmnfA^ot 
hcnds  voaod  the  centre  A,  and  the  cde^te^-pireasiiie  of  the 
)og|^ isstfli dh-eetcd  ta A^  as  it  oi^ght  Jbe  be.  Wethm:* 
jnat  now  mid  ftcndi  round  A.  This  is.tda  freqnentlj  the 
oaaa,  a*d  iC  is  alwaps  v^  difficult  tagitvle  the  teoton  tod 
.  mortisH  initiiia  plac^  6  truis  and  imtariabU  beaKog.  .  Tbt 
rafter  pnahee  in  the  diifectsm  IkA,  and  thebeaiir  resists  in 
the  direction  AIX  The  dbntotent  shonld  h€  perpendicular 
to  neither  of  these  but  in  an  intermediate  direction,  and  it 
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•ttght  alio  to  bi  ^  a  ounred  shqie.  Bat  tbe  cirpfcntarv 
P^ii^pft  think  that  this  would  weaken  the  beam  too  mueh 
to  give  it  this  shape  in  the  shoulder ;  thej  do  aM  eren 
•im  at  it  in  the  he^i  of  the  tenon.  The  shoulder  is  eooH 
nsonlj  evfu  with  the  surface  of  the  beam.  When  the 
bearing  therefore  b  on  this  shoulder,  it  causes  the  foot  of 
the  rafker  to  slide  along  the  beam  till  the  heel  of  the  te» 
non  bears  against  the  outer  end  of  the  mortise  (See  Frice^a 
ffrAUk  Carpenier^  Plate  C.  Fig.  I K).  This  abotmeiA  is 
perpendicular  to  the  beam  in  Price^s  book,  but  it  is  toon 
genendij  poifited  a  little  outwards  bdow,  to  make  it  more 
aeoure  against  starting.  The  consequence  of  this  construe* 
lion  is,  that  when  the  reof  settles,  the  shouhkr  comes  to 
bear  at  the  inner  end  of  the  mortises,  oA  it  rises'^at  the 
anter,  and  the  tenon  taking  hold  of  the  wood  beyond  it, 
either  tears  it  out  or  is  itself  broken.  This  joint  there* 
Cure  ia  sddom  trusted  to  the  strength  cfihe  mortise  and 
tenen,  and  is  usuallj  secured  by  an  iron  straps  which  lies 
fiUiquelj  to  tbe  beam,  to  which  it  is  bolted  by  alarge  bolt 
quke  through,  and  then  embraces  tbe  outside  of  the  rafter 
foot  Veiy  frequently  this  strap  is  not  made  sufficiently 
oUiqne,  and  we  have  seen  some  made  almost  square  with 
the  beam.  When  this  is  the  case»  it  not  only  keeps  the 
foot  of  the  rafter  from  flying  out,  but  it  Unds  it  down.  In 
this  case,  the  rafter  acts  as  a  powerful  lever,  whose  fuleram 
is  the  inner  angle  of  the  shoulder,  and  then  the  strap 
nerer  fails  to  cripple  the  rafter  at  the  point  AD  this  can 
he  prevented  on^  by  making  the  strap  very  Icwg  and  very 
obfique,  and  by  tnaking  its  outer  end  (the  stirrup  part), 
square  with  its  length,  and  qudcing  a  notch  in  the  rafter 
fcet  to  lecdve  it  It  cannot  now  cripple  the  rafter,  for  it. . 
will  rise  along  with  it,  turning  round  the  bolt  at  its  inner 
'  end.  We  have  been  thus  particular  on  this  joint,  because 
it  is  here  that  the  ultimate  strain  of  the  whole  roof  is  es« 
erted,  and  its  situation  will  not  albw  the  eicaviitioQ  ne» 
pessary  for  making  it  a  good  mortise  and  tenon. 
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ttaikr  aUeirtimi  miMt  be  pgid  to  sam^  «thar  staBpiy 
awch  ,1^  4bop9  wbieb  Mibmce  tlie  midiUe  of  Uit  i^rftwy 
wd  ixiQiieet  it  with  tbe  port  or  truM  below  it,  Weimitt 
fttend  to  tbq  /cblPge  of  shape  pFO^oed  bj  the  sufgjug  of 
the  roo^  a^d  |rfiu^  tbo  «tmp  ip  sqcb  s  maoiier  m  to  yidd 
to  it  Igr  turning  jrowd  its  bolt,  but  so  m  not  to  bmuiui 
loose,  and  far  less  to  make  a  fulcrum  for  aAy*  thin j^  acting 
a^  t^  leveiu  The  strains  arisklg  SpoBk  m^k  aotiofiSt'.  ia 
filUQiiigtof  o#ipeati7  which  change  their  shape  bjMg* 
|(Mig,  4m  moirpious,  and  nothing  can  resist  theia; 

^7.7.  W^  shidl  €lo«ie  this  p^  of  the  jwlgect  with  « 
WBpla  iMtbod,  bf  which  any  carpenter^  without  mathe* 
matical  scieace,.inay  caksulate  wilh  luflSMsieiKt  pm^oo 
the  strains  or  thrusts  which  are  productd  on  «a]r  point  of 
jhM  woi;t^  wh^t^^^  b»  the  obUquitx  of  Mie  ineoes.      . 
.  Letit  be  rfqwed  io find  tb^  iMMrisontal  thnfrt  actisg 
on  t|Me  Iie4ieai9  AD  of  Fig.  18.    Thi«  will  be  the  same 
#s  if  4ie  we^tiof  the  whole  ww(  wene  laid  fit  <S^  fsp  the 
two  fiftte  6A  and  6P.    Draw  the  vertipal  line  OH, 
■XkWf  ht^ing  culcnlat^  the  weight  of  the  whole  rpof 
that  is  supported  by  this  siugk  fraaae  ABCID,  jocHidiiig 
the  weighll  4)f  the  piece«  AB,  BC»  CD,  B£»  CF,  thenw 
saWeit  ta|^  the  number  of  poundiy  tons,  &c.  which  ex^ 
pressea  it  from  any  scale  of  equal  parts,  and  set  it  ^roni 
QU>  H,  Draw  HKy  HL,  parallel  to  OD,  GA,  and  draw 
the  line  KL,  which  will  be  horiaontal  when  the  two  sides 
of  the  roof  hare  the  saeae  slope^    Then  ML  measujred  on 
the  saafte  nciEik  will  give  the  horiaontai  tfimst,  by  which 
the  strength  of  the  tie-beam  is  to  be  regulated,    6L  wiU 
giya  the  thrust  which  tends  to  crush  the  rafters^  ftnd  LM 
^ill  ato  give  the  force  which  tends  to  crush,  the.  atnit* 
beam  BC, 

In  Khe  mwner,  to  find  the  strain  on  the  kiug-posl 
3D  of  Fig*  17.  consider  that  each  brace  is  pressed  bj 
half  the  weight  of  the  reofing  laid  on  BA  or  BC,  and 
thi0  pressure^  or  at  least  its  hurtful  e^ect»  |s  diminished 
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IM  ON  THBteofrmnrcnoN 

iA  the  iMpoHlon  of  BA  ta  DA,  beMttM  Ike  MiM'of 
gn^ity  h  verti^y  and  ike  eStti  ^fAaehwe  inaiittaceun* 
ler^Mft  by  the  bJr&ees  is  iti  a  dii^edlota  B  e-  perp^iidicvlkr  to 
BA  ^r  BC.  Bat  a9  tki»  is  lo  be  resbted  by  Che  bMde  /B 
aetihg'ni  Ae  dtreet&^B^  /E^  #e  ni«!»t  d^W  jfe  perpMdi^ 
«ttla^  to  B  f,  and  du))|[K>8e  the  strtfh  du^ented  In  th^ 
^porttott  df  E  e  to  E/ 

Hafrhig  tKns  oftCained  in  Con^,  pentads,  or  elSier  Aett* 
siires^  ihto  ^traitfs  which  nittst  be  bahlided  at/  by  the'^lDM 
hesion  of  the  kmg-pMi^  take  thf»  measure  ffbm  thi^  Mrie 
4f  eqtial  partf,  atri  set  it  o^  in  the.direetions  of  the 
iMces  to  &  and  H>  and  complete  the  paraHilogrsni 
O/HK.;  ted  /K  measured  ^m  th)e  ttme  «eale  wUI  b)l 
He  strsdA  c%  the  kf  ng.p08t 

578.  Tke  artbt  may  then  examine  the  atitetfgtfi  oT  hM 
ft^iss  upion  this  priilcipte,  that  every  sqtiakfe  iMh  of  oak 
frni  bhii*  at  an  average  7000  pounds  <tonipfe^itog  et 
llr^tehing  itj  anff*  nfay  b^  safely  hMuled  irkb'  SiiOO  fo^  . 
any  length  df  time;  and  that  a  iquufe  inih-ef  fir  will 
kr  like  manner  securely  bear  S50^  And,  beeans^  tftraps 
ire  used  to  resist  some  of  these  BtnJus,  a  sqnlu^e  inch  of 
welt  wrought  tough  iron  may  be  safely  strained  by  M^OOO 
pounds.  But  the  artist  wiH  always  recoH^ct,  <hat  we 
eannot  haTe  the  same  confidence  in  iron  as  in  timber. 
"The  faults  of  this  last  are  much  mwe  easily  perceived ; 
ind  ^eh  timber  is  too  weak,  ^k  gives  us  wamitag  of  its 
Mlure,  by  yi^Ming  sensibly  beftve  it  breaks.  This  is 
iK>t  the  eastf  iHth  iron ;  and  much  of  its  service  depends 
im  the  honesty  of  the  blacksmith. 

57^,  Iff  this  way  may  miy  design  of  a  rodf  be  «xa» 
B&iMd.  We  shall  here  give  tibe  reader  a  sketch  ot  two  or 
three  trussed  roofs,  which  have  been  executed  in  tbe  ehiel 
tarieties  of  drcuntstances  which  odtfur  in  commotf  prac- 
tice. 

Fig.  2.  of  Plate  VIII.  is  the  roof  of  St  Paul's  Churdi,  Co^ 
iFoat  Garden^  London^  the  wofk  of  Inigo  Jones^    Ittf  con« 


Digitized  by  VjOOQIC 


ytfiictPfn  »  wyfiibr.    7iie  roof  f ^ep^t  <p  aftnM<^M^ 
diatano^  }i^f^  th«  bttildiii|g»  f/ad  the.effds  of  fJb#/$i«4iWiW 

of  thfi  Oorj^^qprdfir..    $udi  #  ci^f  iifi|id4; 90^  i^PB, t|i^  tMt 
lieimk    Ipifo  /on€)ft  baa  i]i«t)i^(9i«  aiippoiM  i^  i^  ••  Utm 

tremely  strpiig  wUfi,  |rery  U^  iiui^ie.    It  19  MtPVAliil 

jpot  diflpnilt^  ^Y  rieaiof^  of  th^  graft  beiglpt  wbMliit»t&  e|Qf» 
tmm  WAd^  fldlofw)  ^iP  .^  e«i|ib»y  Mrittipu|L<b|iffti|i9,tJM 

Im^fift'^.  V -too  iiigb  a  pii^  Jim  mtio^m  ^«»  ^ 

|li^<n#d)e.orUy»|'a|Pbaip,    .,    ,,  r  >,     ..>;     u;;) 

Jt\iipU  Affile *WA%9#ml7.|«vBM  for.a.  idUUPhriluilMf 

4a  m»  riafc  9f.d(»  ^ilo^ift  aiMl  tfi»  yJiUaif  ^cn^y^hiahxlt 
^wM*'  ^  ■>  .  hi2  T)j  .  I 

Fig.  23.  ia  the  celebrate^,  mpf  pf  «)>«  tfc«ia<i«  (if:  tim 
m^mtj  9f  Oj^4  jby  9iT  ^^^i^^  Wf^  Tbe 
§pm  betveap  t^e  itfiUa  ia  7^,|ee(,  IC^  if  .f«MMAatad# 
Tffjr  jng«swi!U»  und  ia  a  lyingql^r  Verff9lpvi»M««  T|« 
.iqiddle  p^t  of  ^^  ia  altnpai  uii^Mge^e  ip  ttA.fiiai ;.  kut 
ikpqi  tUa  cii:cw>M4WB«)a  it  do|8|KinQt.^il!M^u}A  .ftb%llori«0»- 
jtfl  tbruat  WJ^  Iba  a»n||e  m^gMAfffity  fu  (b^  iiafH^  Mpatmc^ 
iVm  The.boiifBOii^  |h|:iM|  OAjtbe  lj#>bHai»  ja  ^hMt 
twice  the  weight  of  tbe  roof,  and  ia  withat«iadi>yjaii  ir9JA 
itrap  below  the  beam,  which  atretcfaea  the  wbple  width 
pf ttbe  buUdiiig  w  the  fonn  of  ajrop^  foa^g  pMt  ofi^P 
ojmament  of  the  ceiUiiyg. 

.    580.  In  all  the  roofa  ^bicb  ^^  i^fi  W^^^ffi^  M* 
ibertOy  the  tbrnat  ia  diaebaFg^^  enti^^j  firoa^  ikf  .fr^AilJ 
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the  tie-tn^itii/  But  tBit  cannot  ahrays  be  dime.  We  tr^ 
qneatlj  want  grtat  d^vatmr  within,  and  arehed  ceilings: 
In  such  eainft,  it  it  a  mucft  more  difficult  nlatter  to  keep 
the  walk  tree  of  all  j^tesstire  etat^ards,  and  there  Me  few 
byildiAgir'  #faere  it  is^  eenpletely  dime.  Yel  this  is  the 
greatek  <iMlt  of  a  roof. '  We  i^cH  Just  point  out  the  m^ 
Ihods  whidff  ^OEMlj  be  most  MiecesftfttHy  dddpted; ' 

We'  Ha^e  said  that  a  ti^beam  jwlt  perfbrnis  theoHM 
of -a^titfag.*  Weha%e  inid  the  Mnedf  the  king^'^peMl 
Ifow  ei3ipt»09^  twtf  rafters  AB,  Bdl  (Fig.  941)  moveable 
abMt  tM^ji»itit  B,  and'^resting  on  the  top  of  this  wMb. 
If  the  line  BD  be  suspended  trom  B,  and  the  two  linek 
HAf  DC)  be'latt^ed  t#  the  feet  ^ef  t^  Mlers^  and  if 
IhMO  iyieii^h(»^dMtM(bie^  pension/ 9t^i^plluii't^^ 
thrust  is  removed  from  the  walk  Us  eflMtti^Bj'  ^\ffk 
ttMtfmbtt  ti«4)eafti.:  And^liyfthortennkje;  BD  to  IB^A  we 
galii  %  gimfler  inside  height^  and  more  ro^nH  for  an  arcM* 
td  4eilih^j  Itfow  if  4vl  ettbstitiite  a  kilij^^st  BD  Fig. 
fl5«<ttd'two^8tlieteh^I«^br  hMimer  lieMis  DA^  CC,^  fortbe 
other  strings,  and  connect  them  firmlj  hj  means  of-  iron 
»Mipi)  «>e^^ibtaiiidurpu<)Hils^.  •  ' 

•  Let  lia  toftipareithis  tt>Af  with  a  iie^beahi  toof  in  poMt 

%pJstii*Sll'«nd  8t¥^gthf   Aecur  to  Fig;  M.'«nd  complete 

thopantlklog^m  ABCFV  'ted  draw  the  distg<]ins^  AC, 

fifyCfoMift^  in  E«     Draw  BG  perpendicular  to  CD. 

W«  haV«  '^een  that  thcf  Hpr^ght  of  the  h>or,  which  we 

fVMtyeallW)  i$  to  the  heirizoiiU)  thmst  atC  asBFto 

Be>  mA'U  -We  expreiM  thb  thrust    b^  T$  we  have 

.  ••  W  X'EC'*  

T  =^  -^= — -    We  may  at  present  consider  BC  as  a 

lever  mdveaUe  rotind  thte  joiht  B,  and  pulled  at  C  in  tfa^ 
direction  EC  by  the  horizontal  thrust,  iind  hdd  back  by 
the  irtring  ptiUihglii  tfa6  ditectbh  CD.  Sup(x>se  that  the 
foreol Ki  the  Erections  EC  and  CD  are  in  equiKbrio^  and 
let  tts  find  the  force  S  by  which  the  string  CD  is  stramed. 
These  forces  must  (by  the  juroperty  of  the  lever)  be 
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kifendf  m  Hht  porpoi^calart  dhnm  ttom  fhe  tetttm 
•f  oiotiiMi  mi  the  Ibite  ef  their  directum.     Tliercliwt 

BG:BE^T:S,«idS«'rx^,  =  Wx||l^ 

Therefore  the  ttnb  upmi  cMh  of'  the  ties  DA  aai 
BC  is  elwajs  greater  thatt  the  horiMAtat  thnwt  or  the 
•train  on  a  simple  tie-beam.  Tine  would  be  no  grUH 
ineoDTemenee,  beeaose  the  smallest  dimensions  tbert  wt 
eonld  gife  to  these  lies»  sons  to  proeuie  snffident  &^ 
twras  to  the  acyoining  pieces,  are  ahrays  sufficient-  ti 
withstand  tUs  strain*  Bot  althoi^fh  Ae  same  may  ba 
■aid  ot  tbt  iron  straps  which  make  tlio  ultimate  conaee** 
tions,  there  is  always  some  hasard  ^  imperfect  warkt 
eraeks  <n*  flaws»  fvhieh  are  not  peseei<red.  We  can  jvdgt 
with  toIetaUe  eertaintj  of  the  sonmlttcss  of  a  pieee  cf 
timber,  but  cannot  soj  so  much  of  a  piaes  of  iraoi 
Moreorer^  there  is  a  prodigious  strain  eicsted  on  thf 
^g-fKist,  when  BG  is  very  short  in  comparison  of  BS^ 
namdjr,  the  force  eempoonded  of  the  two  strains  9^an4 
8  on  the  ties  DA  and  DC. 

But  there  is  another  defect  from  whieh  the  straif^ 
tie-beam  is  entirely  free.  All  roofs  settle  a  little*  Wheri 
tfaia  roof  settles,  and  the  points  B  and  D  descend,  the 
legs  BA,  BC,  must  spread  further  o«t,'and  thus  a.  pressura 
outwards  is  excited  on  the  wails.  It  is  seldem,  therafeiwi 
that  this  kind  of  roof  can  be  executed  in  thia  simple  form, 
and  other  contrivances  are  necessary  fc^  counteracting 
this  supervening  action  on  the  waHs.  Fig.  86.  is  one  of 
the  best  which  we  have  seen,  and  is  executed  with  great 
soccers  in  the  circus  or  e<}ue8tri«i  theatre  in  Edinburgh^ 
the  width  being  60  feet  The  pieces  EP  and  £D  help  to 
take  off  some  of  the  weight,  and  by  their  greater  up« 
rightness  they  exert  a  smaller  thrust  on  the  waUs.  The 
beam  D  d  is  also  a  sort  of  truss-beam,  having  something 
of  the  same  effect.  Mr  Price  has  given  aliother  very 
judicious  one  (tf  ihb  kindj  {Briti$h  Carpenkr^  Plate  IKj 
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ilmtf  will  rejMin  y^tjT  {i(U»  tluruetj^fi  ibt  irjlk<  Tiidpt 
which  be  has  given  jn  .the  /pUowing  Plate  K  are,  in  our 
opiviai))  ye!*/ '  fauHjr*  The  whoie  strain  in  these  last 
tm^s  U^^tP  &Ma^  the  if^fff^  ^^AHm  im^^¥mfiy%  pnd 
Ihf  6x%m^pt  tb«  t»^  ^re  ^l^fB  .mt  jHTfill  qal^yiji^fild  ^  m- 

kardly  thiak  ib«l^  tbe8#  XQofa  a^nid  h^  9^ur^tQd• 
^  iSL  U  i»  ^91  ody  f  ea9S9iirr  t^.  ^Maifid  the.  F«a4er»  tM 
la  fltt  iibat  we  h^ve  ^^^mei^m  t>|^. fli^ject,  ire  hava  At^ 
Mi^ed  odor  to  Ae  cymatrM^tioo.  of.  tlM  pciMipftl  raAeif 
arJnia^ea.  In  sjmJI  l^widifigfi  M  tk»  rafters  iinp  pf  out 
}i9Ai  but  ingroit  ihwilding^  Uie  wboie  frejigi^l  oJT  ihf 
ooMiog  is  mude.to  nest  on  ^  kw  pitaffpa)  raAiBiHi  firhi^ 
are  eonfiQpted  hyhfiNM  plfic^  hiirfmateUj».w4  either 
Boilisfid  iAl»  timtHk  or  Miifed  on  Ihei*..  Theie  »rf  aiUM 
jwr/Ma  teall  raftera  are  laid  from  puflijik  to  pjiriin  i  afti 
pt  ihese  the  latfia  lor  til^s,  or  the  |kijrting-h«ai^  for 
ttiiAea,  are  jailed*  Thus  the  eoverjug  doep  uoiit  iina)§4tr 
ately  rest  on  the  principal  fr^mfls.  ThU  «liews  90m 
ftiote  lihei'ty  in  their,  eonstriftetiein^  heciame  the  giir^ts 
nm  he  so  4ivid«4  .that  the  prii^ipei  rMSjmi  sMl  he  in  the 
pilrtMtoins*  ftn4  (be  fipst  left  iimic»iabered*  This  C04t 
9hcMtifm  is  BO  fu  m9i9gw^  to  that  of  floors  f^hich  aD| 
ffMAtTMet^d  iritli  £^rdtrs,  binding,  wd  bridging  joista. 
.  It  qyix  0ff/W  pr^wvung  in  <^  to  ^tiestiaii  the  prtr 
ffmij  of  tbn  yyrfM^tifle*  There  ^re  sitv^^io^s  i^  inrhi^  it 
fa  wav/(iid»bie^  is  19  the  ro^ofs  of  chijurehes,  which  pan  b« 
HJUciwed  te  icest  on  spme  ^pillarf .  Ip  other  sitjiatiopii 
jKbere  ffittiUpn  wails  j^ter^rene  ,et  a  d%itai|ce  npi  tfiq 
greflt  iCor  4  atojut  purlin,  119  principal  rafters  erie  neoeft 
8fti]()r,  end  the  wi¥>l^'  n|#y  be  roofi^  w^h  shofi  rug^n  of 
veiy  slender  oga^tHag*  But  in  a  great  unifarm  jroofi 
whidi  has  no  interniediata  aupporls,  it  re%uijqet  aft  least  ^ 
foipie  reasons  fiju*  prefjerring  this  method  of  carcase  roofing 
Cfi  .the  9VQJ>ler  method  gi  making  4II  thc|,  raftera  alike. 
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Sbr  awthod  iff  JCtatase^otAng  fcquint  tte  9tiMtloA''t3f  . 
the  ^ehlest  bfs  of  tSbimr,  whichr  ttH  seldoni  tif  ie^d 
itrenglh  ahd  soii^dDMs  with  tbftuicr  rafters.  Jn  these 
th^  outdide  planks  can  be  taken  ofi^  ^nd  the  b^t'  j^avt 
atotte'worfced  ti|>.  -  It  alto  exposes  to  all  *the'.dtrectao( 
workanutelHp  in  the  mortising  of  purliiks,  aodi  the  wedk^ 
taiikg  of  the  rafters  by  this  very  miNrtistng;  and  it  brihgi 
Jnithidditi^nal  load  of  purlins  and  short  rafWn«  A  taJt 
4Imm;  •^•dtttnieted  maj  surelj  be  eonpaitod  wilh  «  floor  df 
Anikr  cdnatmelioa.  Here  there  i^  'notr  a  shadk»vr  df 
sleubt,  thaft  if  the  girders  were  sawed  into  piaiikb«  sM 
ihese  plillifci  laid  o»  joistsr  suiReientfy  near  for  ct^rryiag 
the  ffoormg  boards,  thejr  will  have  the  saliie  s^^engtb  si 
before^  eiusept  so  moch  as  is  taken  €«it  of  the  tianber  1^ 
4;heeAw.  Tins  w31  not  amount  to  one^t^b  part  of  tlite 
timber  in  the  bidding;  bri^ging^  and  ceiling  joists,  which 
-are  na  additional  load ;  and  all  the  mortises  and  other 
joMmigs  are  so  nanj  diminntions  of  the  strength  of  the 
girders;  and  as' no  part  of  a  carpenter's  .work  requires 
ssoiY  skill  and  accuracy  of  execution^  we  are  exposed  to 
many  chances  of  impiafectioih  But,,  not  to  rest  on  these 
conrideratioRs^  howewr  reasonable  they  may  appear,  we 
■AtM  relate  an  experiment  made'  by  one  oil  whose  jtidg«> 
nsent  and  exactness  we.  can  depend/ .  •  •  > 

£S(Bi  Two  models  of  floors  were,  made  18  laebes  wcptaM 
of  Uie 'finest  uniforai  deal,  which  had  been  Ibng^seasoned* 
The  one  consisted  of  simple  joists,  and  the  other  was 
f raaaed  with  girders,  binding,  bridging,  and  ctfling  joists. 
.The  pfaun  joists  of  the  one  omtained  the  ^me  quantitgr 
of  lamfaer  with  the  girders  alone  of  the  other,  and  both 
were  made  by  a  most  accurate  .worknkan.     They  werie 
placed  in  wooden  trunks  18  inches  square  f^ithin,  *aial 
nested  on  a  strong  p^o^ction^on  the  inside.  .Small  shot 
was  gradually  poured  in  upon  the  floors,  so  as  fo  spread 
Uniformly  over  them.    iThe  p^n  jdisMd. floor l^rbke  down 
with  487  pounds,  and  the  carcase  floor  irHb  $^7/  The 
VOL.  I.  2  q 
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610  ON  THB  C6KSTftUCT10N 

first  broke  wHfaoQt  giving  any  warning;  th^  otiier  gate 
a  violent  crack  when  2di  poundt  had  been  poured  in. 

A  trial  had  been  made  before,  and  the  loads  werp  S4I 
and  48jt.  But  the  models  baring  been  made  hj  a  less 
accurate  hand,  it  was  not  thought  a  fair  specimen  of 
the  strength  which  might  be  given  to  a  carcase  floor. 

The  onlj  argument  of  weight  which  we  can  recollect 
in  favour  of  the  compound  construction  of  toofs  is,  t^pat 
the  plain  method  would  prodigiousi j  increase  the  qnaa^ 
titj  of  work,  would  admit  nothing  but  long  timber^  whick 
would  greatly  add  to  the  expence,  and  would  make  the 
garrets  a  mere  thicket  of  planks.  We  admit  this  in  ita 
full  force;  but  we  continue- to  be  of  the  opinion  that 
plain  roofs  are  greatly  superior  in  point  of  strength,  and 
therefore  should  be  adopted  in  cases  where  the  great  difll- 
culty  is  to  insure  this  necessary  circumstance. 

583«  It  would  appear  very  neglectful  to  omit  an  ae* 
count  of  the  roofs  put  on  round  buildings,  such  as  domes, 
cupolas,  and  the  like.  They  appear  to  be  the  most  diffi- 
cult tasks  in  the  art  of  carpentry.  But  the  difficulty  Hes 
entirely  in  th^  mode  of  framing,  or  what  the  Frendi  call 
the  trait  de  charpenierie.  The  view  which  we  are  taking 
of  the  subject,  as  a  part  of  mechanical  science,  has  little 
connection  with  this.  It  is  plain,  that  whatever  form  of 
a  truss  is  excellent  in  a  square  building  must  be  equally 
so  as  one  of  the  frames  of  a  round  one ;  and  the  only 
difficulty  is  how  to  manage  their  mutual  intersections  at 
the  top.  Some  of  them  must  be  discontinued  before  they 
reach  that  length,  and  common  sense  will  teach  us  to 
cut  them  short  alternately,  and  always  leave  as  many, 
that  they  may  stand  equally  thick  as  at  their  first  spring- 
ing from  the  base  of  the  dome.  Thus  the  length  of  the 
purlins  which  reach  from  truss  to  truss  will  never  be  too 
great 

The  truth  is,  that  a  rouod  building  which  gathers  in 
tit  top,  Hfce  a  glasshouse,  a  potter^s  kiln^  or  a  ^ire  steeple^ 
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i^fliead  of  being  the  moei  difficult  to  erect  wilb  iUbtlity^ 
is  of  all  others  the  easiest.  Nothing  can  show  this  more 
forcibljr  than  daily  practice^  where  they  are  run  up  with«> 
out  centres  and  without  scaffoldings:  and  it  requires 
gross  blunders  indeed  in  the  choice  of  their  outline  to  put 
them  in  much  danger  of  falling  from  a  want  of  equili- 
brium. In  like  manner^  a  dome  of  carpentry  can  hardly 
fall,  give  it  what  shape  or  what  construction  you  will. 
It  coHnoi  fall  unless  somie  part  of  it  flie»  out  at  the  bot^ 
tom :  an  iron  hoop  round  it,  or  straps  at  the  joinings  of 
the  trusses  and  purlins^  which  make  an  equivalent  to  a 
hoop,  will  effectually  secure  it4  And  as  beauty  requires 
that  a  dome  shall  spring  almost  perpendicularly  from  the 
wall,  it  is  evident  that  there  is  hardly  any  thrust  to  force 
out  the  walls.  The.  only  part  where  this  is  to  be  guard- 
ed against  is,  where  the  tangent  is  inclined  about  40  or 
50  degrees  to  the  horizon.  Here  it  will  be  proper  to 
make  a  course  of  firm  horiaontal  joinings^ 

We  doubt  not  but  that  domes  of  carpentry  will  now  be 
raised  of  great  extent.  The  old  Halle  au  Bled  at  Paris, 
of  9U0  feet  in  diameter,  was  the  invention  of  an  intelli* 
gent  carpenteri  tlie  Sieur  Moulineau.  He  was  not  by  any 
means  a  man  of  science,  but  had  much  more  mechanical 
knofvledge  than  artisans  usually  liave,  and  was  convinced 
that  «  very  thin  shell  of  timber  might  not  only  be  so 
shaped  as  to  be  nearly  in  equilibrio,  but  that  if  hooped 
or  iirraly  connected  horizontally,  it  would  have  all  the 
stiffness  that  was  necessary ;  and  he  presented  bis  project 
to  the  magistraey  of  Paris.  The  grandeur  of  it  pleased 
them^  but  they  doubted  of  its  possibility.  Being  a  great 
public  worbf  they  prevailed  on  tbe  Academy  of  Science^ 
to  consider  it.  T^he  members,  who  were  competent 
judges,  were  instantly  struck  with  the  justness  of  Ml* 
Moulineau'^s  principles,  and  were  astonished  that  a  thing  so 
plain  had  not  been  bng  familiar  to  every  house«carpenter« 
it  quickly  became* an  universal  topic  of  conversation^ 
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dispute,  arid  ca][)aT,  tn  the  polite  circles  of  Paris.  But  the 
Academy  having  given  a  very  favourable  report  of  their 
opinion-,  the  project  was  immediately  carried  into  execu- 
tion, and  soon  completed,  and  now  stands  as  one  of  the 
great  exhibitions  of  Paris  *. 

The  construction  of  this  dome  is  the  simpTest  thing 
that  can  be  imagined.  The  circular  ribs  which  compose 
it  consist  of  planks  nine  feet  long,  IS  inches  broad,  and 
three  inches  thick ;  and  each  rib  consists  of  three  of  these 
planks  bolted  together  in  such  a  manner  that  two  joints 
nieet.  A  rib  is  begun,  for  instance,  with  a  plank  of 
tliree  feet  long  standing  between  one  of  six  feet  and  ano- 
ther of  nme,  and  this  is  continued  to  the  head  of  it. 
l^o  machinery  was  necessary  for  carrying  up  such  smalf 
pieces,  and  the  whole  went  up  like  a  piece  of  bricklayer^s 
i^ork.  At  various  distances  these  ribs  were  connected 
horizontally  by  purlins  and  iron  straps,  which  made  so 
many  hoops  to  the  whole.  When  the  work  had  reached 
such  a  height,  that  the  distance  of  the  ribs  was  two-thirds 
of  the  original  distance,  every  third  rib  was  discontinued, 
and  the  space  was  left  open  and  glazed.  When  carried 
so  much  higher  that  the  distance  of  the  ribs  is  one-third 
of  the  original  distance,  every  second  rib  (now  consisting 
6t  two  ribs  very  near  each  other)  is  in  like  manner  dis- 
continued, and  the  void  is  glazed.  A  little  above  this 
the  heads  of  the  ribs  are  framed  into  a  circular  ring  of 
timber,  which  forms  a  wide  opening  in  the  middle  ;  over 
which  is  a  glazed  canopy  or  umbrella,  with  an  opening 
between  it  and  the  dome  for  allowing  the  heated  air  to 
get  out.  All  who  have  seen  this  dome  say,  that  it  is  the 
^ost' beautiful  and  magnificent  object  they  have  ever  be* 
held.  •    - 


.  *  Thii  xoof  .has  been-  long  slnoe  dcstrojed,  and  another  of  finalter  d^ 
fftensuma  baa  baen  erected  wiUi  riba  of-  won»  covered  with  aheet  eoftga^ 

±9. 
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*  The  tnlj  diffieulty  whidi  occurs  in  the  constructbn  of 
iTOodea  xlomes  is,  when  they  are  unequally  loaded,  ^r 
carrying  a  heavy  lanibem  or  cupola  in  the  middle.  In 
such  a  case,  if  the  dome  were  a  mere  shell,  it  w;ould  be 
cru<«hed  in  at  the  top,  >or  the  action  of  the  wind  on  tkf 
lanthem  might  tear  it  out  of  its  place.  Such  a  dome 
must  therefore  consist  of  trussed  frames.  Mr  Price  has 
given  a  very  good  one  in  his  plate  OP,  though  much 
stronger  in  the  trusses  than  there  was  any  occasion  for. 
This  causes  a  great  loss  of  room,  and  throws  the  lights 
of  the  lanthem  too  far  up.  It  is  evidently  copied  froqi 
.Sir  Christopher  Wren^s  dome  of  St  JPauPs  church  in  Loq- 
4on ;  a  model  of  propriety  in  its  particular  situation,  but 
by  no  means  a  general  model  of  a  wooden  dome.  It 
rests,  on  the  brick  cone  within  it;  and  Sir  Christopher 
has  very  ingeniously  made  use  of  it  for  stiffening .  this 
cone,  as  any  intelligent  person  will  perceive  by  attending 
to  its  construction.    (See  Pricey  Plate  OP). 

Fig.  27.  represents  a  dome  executed  in  the  Register 
Office  of  £dipbargh,  by  James  and  Robert  Ad^ms,  an^ 
is  v^ry  -agreeable  to  mechanical  principles.  The  span  ^ 
^  feet  clear,  and  the  thickness  is  only  4|. 

£64.  We  cannot  quit  this  subject  without  taking  some 
notice  of  what  we  bav«  already  spoken  pf  with  comnie^- 
dation  by  the  name  of  Norman  roofi.  We  called  theip 
Nimnany  because  they  were  frequently  executed  by  that 
people  soon  after  their  establishment  in  Italy  and  oth^ 
parts  of  the  south  of  Europe,  and  became  the  prevailing 
taste  in  all  the  great  h&ronial  castles..  Their  architects 
were  rivals  to  the  Saracen3  and  Moors,  who  about  that 
time  built  many  Christian  churches;  and  the  architecture 
which  we  now  call  Gothic  seems  to  have  arisen  from  their 
joint  labours, . 

The  principle  of  a  Norma^  roof  is  extremely  simple. 
The  rafters  all  butted  on  joggled  king-posts  AF,  BGl, 
CH,  &c.  (Fig.  28.),  and  braces  or  ties  were  then  dispo|« 
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ed  in  the  intervals.  In  the  middle  of  tbe  roof  HB  and 
HD  are  evidently  ties  in  a  state  of  extension,  while  the 
post  CH  is  compressed  bj  them.  Towards  the  walls  on 
each  side,  as  between  B  and  F,  and  between  F  and  L, 
they  are  braces,  and  are  compressed.  The  ends  of  the 
posts  were  generally  ornamented  with  knots  of  flowers, 
embossed  globes,  and  the  like,  and  the  whole  texture  of 
the  truss  was  exhibited  and  dressed  out. 

This  construction  admits  of  employing  very  short 
timbers;  and  this  very  circumstance  gives  greater  strength 
to  the  truss,  because  th^  angle  which  the  brace  or  ti^ 
makes  with  the  rafter  is  more  open.  We  may  also  per- 
ceive that  all  thrust  may  be  taken  off*  the  walls.  If  the 
pieces  AF^  BF,  LP,  be  removed,  all  the  remaining  dia- 
gonal pieces  act  as  ties,  and  the  pieces  directed  to  the 
centre  act  as  struts ;  and  it  may  also  be  observed,  that 
the  principle  will  apply  equally  to  a  straight  or  flat  roof, 
or  to  a  floor.  A  floor  such  as  a  &  e,4iaving  the  joint  In 
two  pieces  ftb^bcy  with  a  stmt  b  dj  and  two  tie$,  will  re- 
quire a  miich  greater  weight  to  brieak  it  than  if  it  had 
a  continued  joist  a  c  of  the  same  scantling.  And,  lastly, 
a  piece  of  timber  acting  as  a  tie  is  much  stronger  than 
the  same  piece  acting  as  a  strut :  for  in  the  latter  situa- 
tion it  is  exposed  to  bending,  and  when  bent  it  is  much 
less  able  to  withstand  a  very  great  strain.  It  must  be 
acknowledged,  howeverj  that  this  advantage  is  balanced 
by  the  great  inferiority  of  the  joints  in  point  of  strength. 
The  joint  of  a  tie  depends  wholly  on  the  pins ;  for  this 
reason  ties  fire  never  used  in  heavy  works  without  strap- 
-  ping  the  joints  with  iron.  In  the  roofs  we  are  now  de- 
scribing, the  diagonal  pieces  of  the  middle  part  only  act 
purely  as  ties,  while  those  towards  the  sides  act  as  struts 
pr  braces.  Indeed  they  fire  seldoni  of  so  very  simple 
constructioii  as  we  have  described,  and  are  more  gene- 
f  ally  constructed  like  the  sketch  in  Fig.  S9.  having  two 
|iets  of  rafters  AB^  a  b,  and  the  angles  are  filled  up  with 
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thill  pbuiks,  which  give  great  ttiffiiess  and  ftrebgth.  Thaf 
have  also  a  double  set  of  purlins,  which  connect  the 
different  trusses.  The  roof  being  thus  divided  into 
squares,  other  purlins  run  between  Ae  middle  points  E 
of  the  rafters.  The  rafter  is  supported  at  £  by  a  check 
put  between  it  and  the  under  rafter.  The  middle  point 
of  each  square  of  the  roof  b  supported  and  stiffened  hy 
fbur  braces,  one  of  which  springs  from  e,  and  its  oppout* 
from  the  similar  part  of  the  adjoining  truss.  The  other 
two  bmces  spring  from  the  middle  pointu  of  the  lower 
purlins,  which  go  horixontallj  from  a  and  b  to  the  next 
truss,  which  are  supported  by  pknks  in  the  same  manner 
as  the  rafters.  Bj  this  eontriranee  the  whole  becomea 
Tcry  stiff  and  strong. 

«85.  We  hope  that  the  reader  will  not  be  displeased 
with  our  having  taken  some  notice  of  what  was  the  pride 
of  our  ancestors,  and  constituted  a  great  part  of  the  finery 
of  the  grand  hall,  w;here  the  feudal  uid  assembled  hb 
Tassals,  and  displayed  his  magnificence.  The  intelligent 
mechanic  will  see  much  to  commend;  and  all  who  look 
at  these  roofs  admire  their  apparmt  flimsy  lightness,  and 
wonder  at  their  duration.  We  have  seen  a  hall  of  &7 
feet  wide,  the  roof  of  which  was  in  four  divisions,  like  a 
kirb  roof,  and  the  trusses  were  about  16  feet  asunder. 
They  were  single  rafters,  as  in  Fig.  89.  apd  their  dimen* 
siotts  were  only  eight  inches  by  sisc  The  roof  appeared 
perfectly  sound,  and  had  ben  standing  ever  since  the 
year  142ft. 

Much  of  what  has  been  said  on  this  subject  may  be 
applied  to  the  construction  of  wooden  bridges,  and  the 
centreafor  turning  the  arches  of  stone  bridges. 
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ON  THE  .         ,* 

•   tCONSTRUCriON  OF  ARCHESi 

•  •  .  •  •  .  '  ■  ,  ,  ^  ■  'jii 
lfi&  A V  mtli  if  ftn  art/til  diaposilitn  mid  adjOBtoitili  af 
■everal  stones  or  bricks,  generalljr  in  a  l»ir-like  fdm,  £/ 
Miidi  t&eir  weight  prodbcea  a  imitiial  praaure  and  ainit- 
meat ;  so  lliat  tiriejr  Mt  only  auppoct  eBdi;3oiber^  andiptPi. 
fiomtha  offide  of  an  entij»  liateU  Jiifeii  maf  be  e&tenidad 
to  any  widtli»  and  made  to  aanry  the  most  eporiaoiD 
treigkits.  •«  •  '  ' 

567.  The  pedimtet  of  the  Oc^cfca  saems  to  ham  seg^ 
geitad  the  oonairuotion  of  the  avch.  In  emoting  Ikeir 
iasall  houses,  thej  could  hardly  fail  to  observe  ocoasioft* 
ally,  that  when  two  rafters  were  laid  together  from  the 
opposite  waib)  they  would,  by  leaning  on  each  other,  give 
matoal  support^  as  in  Fig.  1*  Plate  X.  Near  b  it  miiikely 
Ihat  aniDh  m  sitnatfen  of  atories  as  is  lepresentcd  in  Fig.  8. 
wouU  not.  unfijequently  ccear  by  accident  to  maaona. 
This  could  hardly  fail  of  exciting  a  little  attention  and 
1«fl^tion«  It  was'  a  pretty  obvious  reflection^  that  the 
atones  A  and  C,  by  ovefhangiiig,  leaned  againat  the  in- 
termediate atope  B,.  and  gave  it  aome  support^  and  that 
B  cannot  get  down  without  thrusting  aside  A  and  C,  or 
the  piers  which  support  them.  This  was  an  approach  to 
the  theory  of  an  arch ; .  and  if  this  be  combined  with  the 
observation  of  Fig.  1.  we  get  the  disposition  represented 
in  Fig.  3.  having  a  perpendicular  joint  in  the  middle^  and 
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Hhi'pMplk^lkbnnk  ifi  eofuplelcd.  Qb«rv«  that  tbif 
itfiiiitci  diflertiiiffiOni  tfie  prinrii^le  of  U»e  an^qgpnieat  «^ 
Fig«  S.:  In  tb&t  figtive  (In?  ^tone^  «ci  e$  w«dge||  ^d  0119 
ninot  gtt  4o#ii  wfililtHft  tiihisluif  .th^  fe$&  asU^;  tt^ 
ame  jpaaeipie  obtoiaf  iit  Fig«  4.  owsiHiiig  of  fty^  aivii 
•toq^;:lMiiftt  Fig«  8.  the  rtonf^B  and  C  ^suypoit  eadi 
#ibdrii^;4beir  ipitfii^l  pteai9iif«  \ii}depe^ent  of  fhek  own, 
flrm^htj^  ififluif  fltonn  tb«  Aetek»c)r  rof  .«acb  lat«ml  paic 
A#  faU  otttwaidAirMi  tke  ,fm^  This  k  ihe  praici|)l<e  ^ 
Ae  aitki  aad  traaJd  si^ifidrt  U>e  kejAtoM  of  ,Fig.  4»  air 
Ihwimh  4eaA  of.  ite  joixits  ijr«r«  fvetpmiiculart  by  reason  of 
^  graatfHctiQa  ai:i«fig;r«pm  ibe  fa^isoojtfd  tiirust^eKr 

2)iM3!hJa:«riia  a'liiwst  uap^rUu^-  drnw^vj  in  Uie  art  of 
liuiidicigi^  foi9rl|ova/UiMu>gOif  my.wickti.B^  be,i^ 
.^lbai#nf)k  -;   ..       ' 

1  .  Ma  Wef4M«  diifoied  to  giim'tbe  areekf  |ba  merit  of 
ibiii4iaroy«ry';^  far  w^^olmr^  Acb^  ia.tha  mo6(  «ocifiiit 
Miildiogilof  Ooeaoe*  such  as  ilie  Templf  «f  ttie.$uii  at 
oAtbtmt^.iiiiil^if)  Apolia«t  DMyaaas;  uaLimit^ed^soofy 
ib.aiqr  ajKuiniiKa(»  norafffarta^  jtbe  aiiti«a<iHtl  dfaign. 
Mt^oamalW  in  iha  wnlifw'  icairarJAg  4rain85  or  otbcr  nar 
cessaiy  openings ;  and  we  ha?e'iio^foiii»d  any  rea/  arcbe^ 
Ja  iadyfinaoMfentblf  of  mocieiii  Penia  or  £gypt<  .  Sir  J^hn 
iSiaMia  fpe§k$^joS  AiMHsroua  and  axteative  niibt^raa^^av 
^patei^'aa  at  T^chalfmaar)'  btiik  of  Lb^  moat  eaqilisitemao 
adiii*y,.tba^jdmts  to  eiiact,.  aod  iha  stoofi  so  beaatifttUy 
dfeaaed^  that  they  look  iike  one  oaatiaued  piece  of  p<v 
ikbed  marbkt  but  he  noirhare  says  th^t  they  are  aitbad; 
tt  cifculDstance  wMcb  weifai&k  he.woa)d  aot  hi^ve  omi^ 
4ed<»-«o  acohcd  doar-or  window  is  io  be  aeen*  Indeed 
mne  of  the  tambs  is  said  to  he  arch-vaofed,  but  it  is  aU  of 
4me  Boiii,  rock.  No  trace  of  an  anrfa  is  to  be  seen  in  the 
tains  of  aaeiani  Egypt ;  even  >a<  wide  room  is  covered 
wjlh  n  single  block  of  stone.  In  the  pyramidi»  indeed* 
Ibereare  (iro  .gaUeiies,  whose  roofs  constat  of  asaoy 
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pieces ;  but  their  coBitniction  puts  it  bejond  dovbt  that 
the  bailder  did  not  know  what  an  arch  was:  for  it  i»  co« 
rered  in  tlie  manner  refMresented  in  Fig.  5.  where  eveiy 
projecting  piece  is  miNre  than  balitnced  behind,  so  that 
the  whole  aukward  mass  cpnld  hare  stood  on  two  piUart. 
The  Greeks  therefore  seem  entitled  to  the  honour  of  tha 
invention.  The  arched  dome,  however,  seems  to  hava 
arisen  in  Etniria,  and  originated  in  all  probability  firoa 
the  employment  of  the  augurs,  whose  business  it  was  t4 
observe  the  flight  of  birds.  Their  stations  for  thn  pur* 
pose  were  templar  so  called  a  templando,  ^*  on  the  aummitt 
of  hills,^  To  shelter  such  a  person  from  the  weather, 
and  at  the  same  time  allow  him  a  full  prospect  of  the 
country  around  him,  no  building  was  so  propor  as  a  dome 
aet  on  columns ;  which  accordingly  is  the  figure  of  a 
temple  in  the  most  ancient  monuments  of  that  country. 
We  do  not  recollect  a  building  of  this  kiad  in  Greece 
except  that  called  the  Lanthem  of  Demaathcn^j  which  ii 
of  very  late  date,  whereas  they  abounded  in  Italy.  la 
the  later  monuments  and  coins  of  Itnly  or  of  Bwia,  we 
commonly  find  the  Etruscan  dome  and  the  Grecian  temple 
combined ;  and  the  fsonous  Pantheon  was  of  diis  fosm^ 
even  in  its  most  ancient  state. 

£69.  About  the  middle,  or  rather  towards  the  end  of  last 
century,  when  the  Newtonian  mathematics  opened  the 
road  to  true  mechanical  science,  the  construction  of  arches 
engrossed  the  attention  of  the  first  mathematicians. .  The 
first  .hint  of  a  principle  that  we  have  met  with  is  Dr 
Hookers  assertion,  that  the  figure  into  which  a  chain 
or  rope,  perfectly  flexible,  will  arrange  itself  when 
suspended  from  two  hooks,  is,  when  inverted,  the  pro* 
per  form  for  an  arch  composed  of  stones  of  uniform 
weight.  This  he  affirmed  on  the  principle^  that  the  figure 
which  a  flexible  festoon  of  heavy  bodies  assumes,  when 
suspended  from  two  points,  b,  when  inverted,  the  proper 
form  for  an  arch  of  the  same  bodies,  toliching  each  other 
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in  the  same  points;  because  the  forces  with  which  the]r 
mntnally  press  on  each  other  in  this  last  case,  are  equal 
and  opposite  to  the  forces  with  which  they  pull  at  each 
other  in  the  case  of  suspension. 

This  principle  is  strictlj  just,  and  may  be  extended  to 
erery  ease  which  can  be  proposed.  We  recollect  seeing  it 
proposed,  in  rery  general  terms,  in  the  St  Jameses 
Chroniele  in  1T59,  when  plans  were  forming  for  Black* 
friar^s  Bridge  in  London  ;  iind  since  it  is  perhaps  equal  in 
practical  utility,  to  the  most  elaborate  investigations  of 
the  mathematicians,  our  readers  will  not  be  displeased  with 
a  more  particular  aecount  of  it  in  this  place. 

590.  Let  ABC  (Fig.  6.)  be  a  parcel  of  magnets  of  any  sise 
and  shape,  and  let  us  suppose  that  tliey  adhere  with  great 
force  by  any  points  of  contact.  They  will  compose  such 
a  flexible  festoon  as  we  have  been  speaking  of,  if  suspend* 
ed  from  the  points  A  and  C.  If  this  figure  be  inverted, 
preserving  the  same  points  of  contact,  they  will  remain  in 
equilibrio.  It  will  indeed  be  that'  kind  of  equilibrium 
which  will  admit  of  no  disturbance,  and  which  may  be 
called  a  tottering  equUibriunL  If  the  form  be  altered  in  the 
smallest  degree,  by  varying  the  points  of  contact  (which 
indeed  are  points  in  XheflgurtofetptitSnium)^  the  magnets 
will  no  more  recover  their  former  position  than  a  needle, 
which  we  had  made  to  stand  on  its  point,  will  regain  its 
perpendicular  position  after  it  has  been  disturbed. 

But  if  we  suppose  planes  de^fgy  h  i,  &c.  drawn,  that 
the  points  of  mutual  contact  a,  ft,  c,  each  bisecting  the 
angle  formed  by  the  lines  that  unite  the  adjoining  con^ 
tacts  (fgi  for  example,  bisecting  the  angle  formed  by 
a  6,  ft  ejj  and  if  we  suppose  that  the  pieces  are  changed  (dr 
others  of  the  same  weights,  but  having  flat  sides,  which 
meet  in  the  planes  de^  fg^  h  t,  &c.  it  is  evident  that  wo 
shall  have  an  arch  of  equilibration,  and  that  the  arch  will 
have  some  stability,  or  will  bear  a  little  change  of  form 
ivithout  tumbling  down :  for  it  is  plain  that  the  equilibriuni 
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q{  the  original  festoon  obtained  ooly  in  tlm  points  flj  i^  ^ 
'  of  contact,  where  the  pnessnres  were  perpendicular  to  tbo 
'^uchin/r  surfaces ;  therefore  ifthecunre  a,  by  c,  still  passes 
through  the  touching  surfaces  perpendicularly,  the  condi* 
iioBs  that  are  required  for  equilibrium  still  obtain*  The 
case  is  quite  i^milar  to-  that  of  the  stability  of  a  bodj 
irebting  on  a  horizontal  plane.  If  the  perpendicular 
through  the  centre  of  gravity  Galls  within  the  base  of  thfr 
|x)dy,  it  will  not  only  stand,  but  will  require  some  force 
to  push  it  over.  In  the  original  festoon,  if  a  smaH  weight 
be  added  in  any  part,  it  will  change  the  form  of  the  curve 
of  equilibration  a  little,  by  changing  the  points  of  mutual 
contact  This  new  curve  will  gradually  separate  from  the 
former  curve  as  it  recedes  from  A  or  C.  In  like  manner, 
when  the  festoon  is  set  ^pas  an  arch,  if  a  small  weight  bo 
laid  on  any  part  of  it,  it  will  bring  the  whole  to  the 
ground,  because  the  shifting  of  the  points  of  contact  will 
Ik  just  the  contrary  to  what  it  should  be  to  ^uit  the  jiew 
curve  of  equilibration.  But  if  the  same  weight  be  laid  on 
the  same  part  of  the  arch  now  constructed  with  flat  joints^ 
it  will  be  sustained,  if  the  new  curve  of  equilibration  still 
passes  through  the  teucbing  surfaces. 

These  conclusions,  which  are  very  obviously  deducible 
from  the  principle  of  the  festoon,  shew  us,  without  any 
further  discussion,  that  the  longer  the  joints  are,  the 
greater  will  be  the  stability  of  the  arch,  or  that  it  will  re- 
quire a  greater  force  to  break  it  down.  Therefore  it  is 
of  the  greatest  importance  to  have  the  arch  stones  as  long 
as  economy  will  permit ;  and  this  was  the  great  use  of  the 
jribs  and  other  apparent  ornaments  in  the  Gothic^. architec* 
tore.  The  great  projections  of  those  ribs  augmented  their 
jtiffness,  and  enabled  them  to  support  the  unadorned  co* 
.partments  of  the  roof,  composed  of  very  small  stones, 
jeldom  above  six  inches  thick.  Many  old  bridges  are 
.  still  remaming,  which  are  strengthened  in  the  same  way 
Jhy  ribs. 


Digitized  by  VjOOQIC 


OP  ARCHES.  6*1 

Having  thus  expltffned,  in  a  tery  familiar  manner/  - 
the  stabiiitj  of  an  arch,  we  proceed  .to  give  the  sama 
popular  account  of  the  general  application  of  the  principle. 
591.  Suppose  it  to  be  required  to  ascertain  the  form  of 
an  arch  which  shall  hare  the  span  AB  (Fig.  7.),  and  thcf 
height  F  8,  and  which  shall  have  a  road-waj  of  the  di-^ 
mensions  CDE  above  it.  Let  the  figure  ACDEB  be  in« 
verted,  so  as  to  form  a  figure  A  c  d  e  B.  Let  a  chain  of 
uniform  thickness  be  suspended  from  the  points  A  and  B, 
and  let  it  be  of  such  a  length  that  its  lower  point  will 
hang  at,  or  rather  a  little  below  f^  corresponding  to  F. , 
Divide  AB  into  a  number  of  equal  parts,  in  the  points  1 J 
8,  3,  &c.  and  draw  vertical  lines,  cutting  the  chain  in  thd 
corresponding  points  I9  2,  3,  &c.  Now  take  pieces  of 
another  chain,  and  hang  them  on  at  the  points  I,  2,  3, 
&c.  of  the  chain  A/B.  This  will  alter  the  form  of  the 
curve.  Cut  or  trim  these  pieces  of  chain,  till  their  lower 
ends  all  coincide  with  the  inverted  road- way  c  dt.  Thd 
greater  lengths  that  are  hung  on  in  the  vicinity  of  A  and 
B  will  pull  down  these  points  of  the  chain,  and  cause  the 
middle  point/ (which  is  less  loaded)  to  rise  a  little,  and 
will  bring  it  near  to  its  proper  height. 

It  is  plain  that  this  process  will  produce  an  arch  of  perfect 
equilibration;  but  some  farther  considerations  are  necessary 
for  making  it  exactly  suit  our  purpose.  It  is  9A  arch  of  equi- 
libration for  a  bridge,  that  is  so  loaded  that  the  weight  of  the 
arch  stones  is  to  the  weight  of  the  matter  with  which  the 
haunches  and  crown  are  loaded,  as  the  weight  of  the  chain 
A/B  is  to  the  sum  of  the  weights  of  all  the  little  hits  of 
thain  very  nearly:  But  this  proportion  is  not  known  be* 
forehand;  we  must  therefore  proceed  in  the  following 
manner :  Adapt  to  the  curve  produced  in  this  way  a  thiclb- 
ness  of  the  arch  stones  as  great  as  are  thought  sufficient  t6 
insure  stability;  then  compute  the  weight  of  the  arch 
stones,  and  the  weight  of  the  gravel  or  rubbish  with  which 
the  haunches  are  to  be  filled  up  to  the  road-way.    If  the 
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proportioti  of  these  two  weights  be  the  sane  wkh  the  pio« 
portion  of  the  weights  of  chain,  we  maj  rest  satisfied  with 
the  ^urre  now  found ;  but  if  different,  we  can  easilj  cal- 
culate hdw  much  must  be,  added  equally  to,  or  taken  from, 
each  appended  bit  of  chain,  in  order  to  make  the  two  prq- 
portions  eqtialii  Haring  altered  the  appended  pieces  ac- 
cordingly, we  shall  get  a  new  curve,  which  may  perhaps 
require  a  very  small  trimming  of  the  bits  of  chain  to  make 
them  fit  the  road-way«  This  curve  will  be  infinitely  near 
to  the  curve  wanted. 

We  have  practised  this  method  for  an  arch  cyf  60  feel 
span  and  SI  feet  height,  the  arch  stones  of  which  were 
'  qnly  two  feet  nine  inches  long.  It  was  to  be  loaded  with 
gravel  and  shivers.  We  made  a  previous  computation^  on 
the  supposition  that  the  arch  was  to  be  nearly  elliptical. 
The  distance  between  the  points  1,  S,  3,  &c.  were  adjust-^ 
ed,  so  as  to  determine  the  proportion  of  the  weights  of 
chain  agreeable  to  the  supposition.  The  curve  differed 
considerably  from  an  ellipse,  making  a  considerable  angle 
with  the  verticals  at  the  spring  of  the  arch.  The  real 
proportion  of  the  weights  of  chain^  when  all  was  trimmed 
so  as  to  suit  the  road-way^  was  considerably  different  from 
what  was  expected.  It  was  adjusted.  The  adjustment  made 
very  little  change  in  the  curve.  It  would  not  have  chang- 
ed it  two  inches  in  any  part  of  the  real  arch.  When  the 
process  was  completed,  we  constructed  the  curve  mathe<- 
matically.  It  did  not  differ  sensibly  from  this  mechanical 
construction.  This  was  very  agreeable  information  ;  for 
it  showed  us  that  the  first  curve«  formed  by  about  two 
hours  labour,  on  a  supposition  considerably  different  from 
the  truth,  would  have  been  sufficiently  exact  for  the  pur- 
pose, being  in  no  place  three  inches  from  the  accurate 
,curve^  and  therefore  far  within  the  joints  of  the  intended 
arch  stones.  Therefore  this  process,  which  any  intejligeut 
mason,  though  ignorant  of  mathematical  science,  may  go 
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Ihroogb  with  little  trouble,  will  give  a  Terj  proper  form 
for  aB  arch  subject  taany  coBditions* 

592.  The  chief  defect  of  the  eurve  found  in  this  waj  ia 
a  want  of  elegance,  because  it  does  not  sfH'ing  at  right 
angles  to  the  horinontal  line ;  but  this  is  the  case  with  alt 
cnnres  of  equilibration,  as  we  shall  see  bj  and  by.  It  is 
not  material :  for,  in  the  rerj  neighbourhood  of  the  piers^ 
we  may  give  it  any  form  we  please,  because  the  masonry 
is  solid  in  that  place  9  nay,  we  apprehend  that  a  deviation 
from  the  curve  of  equilibration  is  propen  The  construe^ ' 
tion  of  that  curve  supposes  that  the  pressure  on  eve^  past 
of  the  arch  is  vertical;  but  gravel,  earth,  and  rubbishy 
exert  somewhat  of  a  hydrostatieal  pressun?  laterally  in  the 
act  of  settling,  and  retain  it  afterwards.  This  will  re« 
jquire  some  more  curvature  at  the  haunches  of  an  areh  to 
lialance  it ;  but  what  this  lateral  pressure  may  be,  cannot 
be  deduced  with  confidence  from  any  es^periments  that 
we  have  seen.  We  are  Inclined  to  think  that  if^  instead' 
of  dividing  the  horiaontal  line  AB  in  the  points  1,  2,  9^ 
kc  we  divide  the  chain  itself  into  equal  parts,  the  curve 
will  approach  nearer  to  the  proper  form. 

593.  Afterthis  familiar  statement  of  thegeneralprinciple, 
jt  is  now  time  to  consider  the  theory  founded  on  it  more 
in  detail.  Thb  theory  aims  at  such  an  adjustment  of  the 
position  of  the  arch  stones  to  the  load  on  every  part  of 
the  arch,  that  all  shall  remain  in  equilibrio,  although  the 
Joints  be  perfectly  polished,  and  without  any  cement. 
The  whole  may  be  reduced  to  two  problems.  The  first 
is  to  determine  the  vertical  pressure  or  load  on  every 
point  of  a  line  of  a  given  form,  which  will  put  that  line 
in  equilibrio.  The  second  is  to  determine  the  fo^m  of  a 
curve  which  shall  be  in  equilibrio  when  loaded  in  its  dif- 
ferent points,  according  to  any  given  law. 

The  whole  theory  is  deductble  from  p.  582  of  the  ar- 
ticle Boor.  The  fundamental  proposition  in  that  page 
states  the  proportions  between  the  various  pressures  or 
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Mirnsts  wfakb  ar^  Exerted  at  the  M^k^  itf  an  8«86ail>ta|fi 
of  beams  or  other  pieces  of  solht  hetiwj  mafttery  Cr^ely 
ftioveable  about  those  angles,  an  so  mmif  join^s^  bat  re- 
taining their  position  by  the  eqoilibriunil  of  those  prea* 
siires.  ■  It  is  there  demonstrated,  ^^  that  the  tbmst  ill 
any  angle,  if  estimated  in  a  horizontal  directieii,  is  th« 
same  throughout,  and  may  be  represented  hy^  miy  hM^ 
xontal  line  BT,  Fig.  8.  (Uoovs,  Fig.  10.  Fla'te  IX.)^ 
and  that  if  a  rertieal  Ime  QTS  be  drown  through  T,  thai 
thrust  exerted  at  any  angle  D  by  tbe  pieea  CI^  in  ita 
own  direction,  will  then  be  represented  by  BR,  drawn 
parallel  to  CD ;  and  in  like  manner,  that  the  Ihmst  in 
the  direction  ED  is  represented  by  BS,  &€. ;  and,  lastljTy 
that  tbe  rertical  thrusts  or  loads,  at  eaeh  angle  B,  G,  I^ 
by  which  all  these  other  pressures  i^e  excited,  are  repra^ 
lented  by  the  portions  QC,  CR,  RS,  of  the  r^rtieal  m- 
tercepted  by  those  lines;  that  is,  all  these  preasurea  are 
to  the  uniform  horizontal  thrust  as  the  lines  Wbiieli  r^' 
present  tbem  are  to  BT.  The  horizontal  thrust,  therein 
fore,  is  a  rery  proper  unit,  with  which  we  may  company 
ail  the  others.  Its  magnitude  is  easily  deduced  from  the 
same  proposition ;  for  QS  is  the  sum  of  all  the  vertical 
pressures  of  the  angles,  and  therefore  represents  the 
weight  of  the  whole  assemblage.  Therefore  as  QS  is  to 
BT,  so  is  tbe  weight. of  the  whole  to  tbe  horizontal 
thrust. 

594.  To  accommodate  this  theory  to  tife  constructioti 
of  a  curvilineal  arch  vault,  let  us  first  suppose  the  vault 
to  be  polygonal,  composed  of  the  cords  of  the  elementary 
arches.  Let  AVE  (Fig.  9.)  be  a  curvilineal  arch,  of 
which  V  is  the  vertex,  and  VX  the  vertical  axis,  which 
we  shall  consider  as  the  axis  or  abscissa  of  tbe  ctfrve^ 
while  any  horizontal  line,  such  as  HK,  is  an  ordinate  to 
the  curve.  About  any  point  C  of  the  curve  as  a  centre 
describe  a  circle  BLD,  cutting  the  curve  in  B  and  D< 
Draw  the  Qquai  cords  CB,  CD«    Draw  ol|o  (he  horizo^ 
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taf  IhVe  CF,  cutting  tlli  dWe  hi  F.  I)e«cHbb  A  titct^ 
BCD4}  passing  thr6iigh  B,  C,  H.  Tts  cenVrie  O' wiff  lie  itf 
ft  litie  C(^,  whiih  bisect  the  angle  BCD,  and'  6  c; 
which  touches  this  circle  in  C,  will  bis^t  the  angle  b  Cd^ 
formed  bj  the  equal  chords  BC,  CD.  Draw  CLP  perpen- 
dlculttr  toe  i^  and  DP  perpendi<^uiar  id  CD  meeting  CL 
in  P.  Tht^oiigh  L  drdiV  the  tangent  GTLM,  fheetirig  Cl^ 
in'G\  arid  thb  vertical  line  CM*  in  M  Draw  tlidf  tarifecnl! 
Fa,  cbttihg^thfe  cftortls  fiC,  CDy  in  ft  arid^d,  arid  t)ie  tan- 
geni  ty  thd  cincle  BCDQ  in  c.  Lasdy,  drdfi^  dN  pafalibt 
txylde. 

From  what  it  deinbnbti^ted'  iri  tb&  anpticle  ttoor/  W 
appears,  that*  if  BCi  CD,  be  two  pieces  of  ati  eqiit* 
Kbrated  heavj  polj'gonv  abd  if  CF  reprei^tit'  the  lio-  ^ 
rikohtal  thrust  io'  every  angl6  of  the  polygdn,  C  d  ahlSt 
C  b  will  severallj-  nepreseht  the  thrusts  ^erted  bj  the 
pieced  DC,  BC,  and  that  ft  d,  or  CN,  will  represent  th^ 
weight  lying,  on  the'  angle  BCD^  by  which  thos^  thrusti' 
are  balanced. 

Produce  dC  to  6,  sO  that  C  o  mi(y  bd  ^qtial  to  C  dl 
Draw  ft  ft  to  the  vertical  parallel  to  d  B,  and  join  n  o. 
It  is  evident  that  ft  n  o  C  is  a  parallelogram,  and  that 
nC(:=ftd)  =  CN.  Now  tbfe  thrust  or  suppoit'  of  the 
piece  BC  is  exerted  in  the  direction  C  ft,  whik  thitt  of 
DC  is  exerted  in  the  direction  Co.  These  two  thrusts 
are  equivaieni  to  the  thrust  in  the  diagonal  Cn;  and  it 
is  with  this  compound  thrust  that  the  load  ot  vertical 
pressure  CN  is  in  immtdicJtt  equilibrtum; 

595.  Because  ft  CL,  NCF,  are  right  angles,  and  FCL 
is  common- to  both,  the  angles  ftCF  and  MCL  are  equal. 
Therefore  the  right  angled  triangles  ftCF  and  MCL 
are  similar.  And  since  CF  is  equal  to  CL,  C  ft  is  equal  to 
CM.  It  is  evident  that  the  triangles  6CM  and  d  CN  are 
similar.     Therefore  CG  :  C  d  =  CM  :  CN,  ±=  C  ft  :  CN. 

Therefore  we  have  CN  =  —r^^ — .    But  because  CD? 

VOL.  I.  2  R         , 
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and  CL6  are  right  angles,  and  therefore  equal,  and  the 
angle  6CP  is  common  to  the  two  triangles  GCL,  PCD9 
and  CD  is  equal  to«  CL,  we  have  CG  equal  to  CP. 

Therefore  CN  =  ^j^-    Also,  since  CDP  is  a  right 

angle,  DP  meets  the  diameter  in  Q,  the  opfMMite  point 
of  the  circumference,  and  the  angle  DQC  is  equal  to 
DC  c,  or  c  C  fr  (because  i  C  d  is  bisected  by  the  tan* 
gent),  that  is,  to  PCQ  (because  the  right  angles  b  CP, 
c  CO  are  equal,  and  c  DP  is  common).  Therefore  PQ 
is  equal  to  PC;  and  if  PO  be  drawn  perpendicular 
to  CQ,  it  will  bisect  it,  and  O  is  the  centre  of  the  circle 
BCDQB. 

Now  let  the  points  B  ud  D  continually  approach  to 
C  (by  diminishing  the  radius  of  the  small  circle)  and  ul- 
timately coincide  with  it.  It  is  evident  that  the  circle 
BCDQ  is  ultimately  the  equicurve  circle,  and  that  PC 
ultimately  coincides  with  OC,  the  radius  of  curvature. 
Also  C  d  X  C  d  becomes  immediately  equal  to  C  c*.  There- 
fore CN,  the  vertical  load  on  any  point  of  a  curve  of  equi- 

tlbration  b  =  ^   ,   -  — 
Rad.  Curv. 

It  is  farther  evident,  that  CF  is  to  C  c  as  radius  to  the 

decant  of  the  elevation  of  the  tangent  above  the  horizon. 

Therefore  we  have  the  load  on  any  pcMat  of  the  curve  al« 

^.      ,,    Sec'EIev. 
ways  proportional  to  g^^-gjj— 

This  load  on  every  elementary  arch  of  the  wall  is 
commonly  a  quantity  of  solid  matter  incumbent  on  that 
element  of  the  curve,  and  pressing  it  vertically ;  and  it 
may  be  conceived  as  made  up  of  a  number  of  heavy  Imes 
standing  vertically  on  it.  Thus,  if  the  element  E  f  of  the 
curve^  were  lying  horizontally,  a  little  parallelogram 
BE  e  r,  standing  perpendicularly  on  it,  would  represent 
its  load.    But  as  this  element  £  e  has  a  sloping  position, 
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ii  is  plain  that,  in  order  to  have  the  samf  quantity  of 

heavy  matter  pressing  it  vertically,  the  height  of  the  pa* 

raUelogram  must  be  increased  till  it  meets  in  i^  the  line 

R I  drawn  parallel  to  the  tangent  EG,    It  is  evident  that 

the  angle  RE  f  is  equal  to  the  angle  AEG.    Therefore 

we  have  ER  :  E  f  =  Rad. :  Sec.  Elev. 

If  therefore  the  arch  is  kept  in  equilibrio  by  the  ver^ 

tical  pressure  of  a  wall,  we  must  have  the  height  of  the 

Sec.'  Elev. 
wall  above  any  ppint  proportional  to  ^     '       — ^ 

696.  Coa.  I.  If  OS  be  drawn  perpendicular  to  the 
vertical  CS,  CS  will  be  half  the  vertical  chord  of  the  equi- 
curve  circle.  The  angle  OCS  is  equal  to  e  CF,  that  is» 
tp  the  angle  of  elevation.  Therefore  1  :  Sec.  Elev. 
=:  CS  :  CO,  and  the  secant  of  elevation  may  be  expressed 

by  -p— ,  and  its  cube  by  7^57*     Therefore    the    height 
US  OS 

r       II  •  *•       I  .     CO'  '  C0« 

of  wall  IS  proportional  to  ^s^  x  CO  '  ^^       CS^*    ^^ 

C0«  ,         Sec.«ofElev. 

r>  or  to  ^ 


CS«  X  CS '         Vert.  Chord  of  Curv. 

CoR.  II.  If  we  make  the  arch  VC  =  jt,  the  abscissa 
VH  =s  Jc,  the  ordinate  HC  =y,  the  radius  osculi  CO  =  r^ 
and  the  ^  vertical  chord  CS  =  «,  the  height  of  wall  pres- 

sing  on  any  point  is  proportional  to  -- ;  or  to  _.,     or 

*«  +  wt  .  ^^  ^^^ 

— 31.^.    Therefore,  when  the  equation  of  the  curve 

.    if"' 

is  given,  and  the  height  of  wall  on  any  one  point  of  it  is 

also  given,  we  can  determine  it  for  any  other  point :  for 
the  equation  of  the  curve  will  always  give  us  the  relation 
of  z^  or,  and^,  and  the  value  of  r  or  s.  This  may  be  il- 
lustrated by  an  example  or  two.  For  this  purpose  it  will 
generally  be  most  convenient  to  assume  the  height  above 
the  vertex  V  for  the  unit  of  computation.     The  thickoiesa 
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of  the  arcli  at  the  crown  it  commoiily  determined  by  otfcer 
Gtrcumstances.  At  the  vertex  the  tangent  to  the  arch 
ia  horizontal,  and  therefore  the  ci^  ot  the  secant  b  unity 
or  1.  Call  the  height  of  wall,  at  the  crown,  H,  and  let 
the  radius  of  curvature  in  that  point  be  R,  and  its 
half  chord  R  (it  being  then  coincident  with  the  radius)^ 
and   the    height    on    any    other    point  h.      We    have 

i-.-S- =H:A,andA  =  Hx  — x5l.    Theotherfbr- 

z^      R 
mula  gives  A  =  H  x  —  X  — 

597.  Exanq>.  1.  Suppose  the  areh  to  be  a  segment  of  a 
circle,  as  in  Fig.  10.  where  AE  is  the  diameter,  and  O 
the  centre.      In  this  arch  the  curvature  is  the  same 

R  «' 

throughout,  or  —  =  k     Therefore  A  =  H  x  -r-y     or 

=  H  X  Cube  Sec.  Elev. 

This  gives  a  very  simple  calculus.  To  the  logarithm 
of  H  add  thrice  the  logarithm  of  the  secant  of  elevation. 
The  sum  is  the  logarithm  of  A. 

.  It  gives  also  a  very  simple  construction.  Draw  the 
vertical  CS,  cutting  the  horizontal  diameter  in  S.  Draw 
ST,  cutting  the  radius  OC  perpendicularly  in  T.  Draw 
the  horizontal  line  T  jt,  cutting  the  vertical  in  z.  Join 
z  O.  Make  C  u  =  V  v,  and  draw  u  x  parallel  to  j?  Or 
C  c  must  be  made  =  C  ».  The  demonstration  is  e?i- 
dent. 

It  is  very  easy  to  see  that  if  CV  is  an  arch  of  60^,  and 
V  t7  is  ^\th  of  VC,  the  points  v  and  c  will  be  on  a  level ; 
for  the  secant  of  CV  is  twice  CO,  and  therefore  C  c  is  8 
times  V  tj^  which  is  ^th  of  VH. 

Tne  line  vgcf  is  drawn  according  to  this  calcu- 
lus  or  construction.  It  falls  considerably  below  the 
horizontal  line  in  the  neighbourhood  of  c;  and  tbeoj 
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passing  verj  obliquely  tiirougfa  c,  it  rises  rapidly  to  an 
unmeasurable  height,  because  the  vertical  line  through  A 
is  its  assymptote.  This  must  evidently  be  the  case  With 
every  curve  which  springs  at  right  angles  with  a  horizon- 
tal line. 

It  IS  plain  that  if  o  V  be  greater,  all  the  other  Ordinat^s 
of  the  curve  vgcf^  resting  on  the  circiimference  AVE, 
will  be  greater  in  the  same  proportion,  and  the  curve  will 
cut  the  horizontal  line  drawn  through  v  in  some  point 
nearer  to  v  than  c  is.  Hence  it  appears  that  a  circular 
arch  cannot  be  put  in  equilibrk)  by  building  On  it  up  to  It 
horizontal  line,  whatever  be  its  span,  or  whatever  be  tb^ 
tfaickneas  at  the  <SJndwn.  We  have  se^n  that  wh^n  thift 
Ihickneds  is  only  ^^,  of  the  radius,  an  arth  of  120  degrees 
will  be  too  much  loaded  at  the  flanks.  This  thickness  ib 
much  too  smftll  for  a  bridge,  being  oiily  y\  of  the  span 
CM,  whereas  it  should  have  beeii  almost  double  of  this,  to 
bear  the  Inequalities  of  weight  that  ma;^  octasionally  be  06 
it.  WbeA  the  crown  is  made  still  thinner,  the  outline  ill 
still  mof  e  depressed  before  it  rises  again.  There  is  there- 
fore a  certain'  span,  with  a  corresponding  thickness  at  the 
crown^  which  will  deviate  least  of  all  from  a  horizontal 
line.  This  is  an  arch  of  about  54  degrees,  the  thickness 
at  the  crown  being  about  one-fourth  of  the  spaii,  which 
is  extravagantly  great.  It  appears  in  general,  therefore, 
that  the  circle  is  not  a  curve  suited  to  the  purposes  of  a 
bridge  or  an  arcade,  which  requires  an  outline  nearly 
horizontal. 

Examp,  2.  Let  the  curve  be  a  parabola  AVE  (Fig.  II.), 
5f  which  V  is  the  vertex,  and  DG  the  directrix.  Draw 
the  diameters  DCP,  GVN,  the  tangents  CK,  VP,  and 
the  ordinates  VF  and  CN.  It  is  well  known  that  GV 
is  to  DC  as  VP«  to  CK*,  or  as  CN«  to  CK^  Also 
2  GV  is  the  radius  of  the  osculating  circle  at  V,  and 
S  DC  is  one-half  of  the  vertical  chord  of  the  osculating 
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circle  at  C.    Therefore  CN«  :  CK»  (or  y*  :/«)=»:«, 
and  *  =  — R.    But  C  c,  or  A  =  H  x  -. — .    Therefore 

a:=:Hx4^^  =  Hx^,=  H,     Tiierefora 
^  -r-R 

Ce  =  V©. 

It  foIlowB  from  this  investigation,  that  the  back  or  ez« 
trados  of  a  parabolic  arch  of  equilibration  must  be  parallel 
to  the  arch  or  soffit  itself;  or  that  the  thickness  of  the 
ardi,  estimated  in  a  vertical  direction,  must  be  equal 
throughout;  or  t^iat  the  extrados  is  the  same  parabola 
with  the  soffit  or  intrados. 

We  have  selected  these  two  examples  merelj  for  the 
aimplicity  and  perspicuity  of  the  solutions,  which  have 
been  effected  by  means  of  elementary  geometry  only, 
instead  of  empbying  the  analytical  value  of  Ihe  radius 

of  the  osculatory  circle  via;.  --,- _-^  which  'would 

3f  x  —  x  y 

have  involved  us  at  least  in  the  elements   of  second 

fluxions.    We  have  also  preferred  simplicity  to  elegance  ^ 

in  the  investigation,  because  we  wish  to  instruct  the  prac* 

tical  engineer,  who  may  not  be  a  proficient  in  the  higher 

mathematics. 

'    597.  The  converse  of  the  problem,  namely,  to  find  the 

form  of  the  arch  when  the  figure  of  the  back  of  it  is 

given,  is  the  most  useful  question  of  the  two,  at  least  iq 

cases  which  are  most  important  and  most  difficult.     Of 

these  perhaps  bridges  are  the  chief.    Here  the  necessity 

of  a  road-way,  of  easy  and  regular*  ascent,  confines  ug 

to  an  outline  nearly  horizontal,  to  which  the  curve  of 

the  arch  must  be  adapted.    This  is  the  most  difficult 
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problem  of  the  two ;  and  we  doubt  whether  it  can  be 
solved  without  employing  ininite  approximating  serieseil 
instead  of  accurate  values. 

Let  av  e  (Fig.  12.)  be  the  intended  outline  or  extradot 
of  the  arch  AVE,  and  let  v  Q  be  the  common  axb  of 
both  curves.  From  c  and  C,  the  corresponding  points^ 
draw  the  ordinates  c  A,  CH.  Let  the  thickness  o  V  at 
the  top  be  a,  the  abscissa  v  A  be  =  ti,  and  VH  =  jc,  and 
let  the  equal  ordinates  c  A,  CH  be  y,  and  the  arch  V C 
he  Zp 

Then,  by  the  general  theorem,  c<]!'= ,  r  being 

the  radius  of  curvature.    This,  by  the  common  rules,  it 
This  gives  us  c  C  :±^  ^— ^^^  or 


--  fj9 

•••••• 

^y  x  —  xy    ^  Cj   where  C  is  a  constant 'quantity^ 

found  by 'taking  the  real  value  of  c  C  in  V,  the  vertex  o£ 

the  curve.    But  it  is  evident  that  it  is  alsor  =  a  x  op  -—  tt^ 

•    ••       •  ••  • 

Therefore  a  +  «  —  %  =^^     — ^  x  C  =  —  x  fluxion 

Of-r- 

y 

If  we  now  substitute  the  true  value  of  u  (which  is 
given,  because  the  extrados  is  supposed  to  be  of  a  known 
form),  expressed  in  terms  of  ^,  the  resulting  equation 
will  contain  nothing  but  x'and  y^  with  their  first. and 
second  fluxions,  and  known  quantities.  From  this  equa- 
tion the  relation  of  x  and  y  must  be  found  by  such  me- 
ihods  as  seem  best  adapted  to  the  equation  of  the  exr 
trados. 

Fortunately  the  process  b  more  simple  and  easy  in  the 
most  common  and  useful  case  than  we  should  expect 
from  this  general  rule.    We  mean  the  case  where  the 
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'  ;»ztradp8  is  a  ^Iraight  Ufie,  ^spciQalljr  vhm  Has  jb  lKui« 
gonial.     In  Jltiis  c^se  u  is  equa^  to  o. 

Example,  To  find  the  foroi  of  t)ie  balance  arch^ 
^V£  (Fi^.  JIS-))  paving  the  l^orizoDtal  lif^e  c  p  fiotr  its 
e^  trados. 

Keeping  th^  ^aoae  fiptfitioOf  we  I^aye  ff  f=  0,  and  thei:^ 

C  HP 

fore  a  +  x  s=  T—  y  Q^ixion  of — . 

•*■    •  •  • 

X  X  C  ap 

Assume^  =  — ;  then  -7-  =  r,  and  —  x  fluxion  of  — , 

5?  — ?^,thatis,tf+  x^^-^.     Therefore  a  x  +  ^ 

X  X 

^Cvv;  and  bj  taking  the  fluents,  sre  have  2  ax  +  «t 
=  P  t?';  and  t>  =    / ^  *       *,  .       Consequently, 

^  =  TflfrP  ('^"^  "=  t)-  ^"^Wpg  the  ^«en| 
of  this,  we  have  y  =  VCxL(2a«  +  2«^ 
p^2  *J  2ax  +  x^).  But  at  the  vertex,  where  «  =  osi 
we  have  ^  ==  V  C  x  L  (2  a).     The  corrected  fluent  is 

therefore  v  =  V  C  X  L • 

a 

It  only  remains  to  find  the'  constapt    quai)tity  C 

This  we  readily  obtain  by  selecting  sqme  point  ^  the 

extrados  where  the  values  of  x  and  y  are  given  by  par- 

ticul^    circvimstances  of  the   case.      Thus,    when  the 

span  2  8  and  height  h  of  the  arch  ^re  given^  we  have 


conse* 
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ti^e  general  Ytia^  oi  gf^s^f^- 


4-A+^>aA.+A'-^^'-*""-^'^^"^'^*^ 


As  an  example  of  tbe  use  of  this  formula,  we  subjoiQ 
a  table  calculated  bjr  Dr  Hutton  of  Woolwich  for  a^ 
ar^h,  the  span  of  which  is  100  feet  and  the  height  40, 
which  are  pearly  the  dimensions  ^f  the  middje  arch  of 
!piac)[friar3  pridge  in  London. 
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85,135 

16 
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46 

37,075 

17 

8,766 
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17.693 
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39,126 

18 

9,168 

88 

18,627 

48 

41,298 

18 

9,517 

8* 

19,617 

49 

4&501 

W 

9,934 

36 

?0,665 

^0 

46,900 

£98.  Th^  figure  fpr  this  prpppsition  is  ^xactlj  drawn 
accprdiqg.tp  (bese  dirp^nsions^  tha^;  the  r^ai^ef  pi^ay  jadg^ 
>pf  it  a?  ftn  object  of  sight,  It  is  by  up  me^ps  deficient 
in  gracefulness,  and  is  abundantly  roomy  for  th^  pass(age 
pf  craft ;  so  ^h^t  pp  objectipn  can  be  offered  figainst  its 
))ein^  adapted  pn  accoi^ot  of  its  mechanical  excellenpy. 

Thp  refd^r  ^iU  perhaps  be  surpiris^d  tMt  we  faav^ 
))[)^e  «Q  ipeptipQ  of  the  felehr«t(;4  C^^ti^n^re^n  ^unr% 
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which  18  commonly  said  to  be  the  best  form  for  an  arch  ; 
but  a  little  reflection  will  convince  him,  that  although 
it  is.  the  only  form  for  an  arch  consisting  of  stones  of 
equal  weight,  and  touching  each  other  only  in  single 
points,  it  cannot  suit  an  arch  which  must  be  filled  up  in 
the  haunches,  in  order  to  form  a  road-way.  He  will  be 
more  surprised  to  hear,  after  this,  that  there  is  a  certain 
thickness  at  the  crown,  which  will  put  the  Catenarea  in 
equilibrio,  even  with  a  horizontal  road-way ;  but  this 
thickness  is  so  great  as  to  make  it  unfit  for  a  bridge,  be^ 
ing  such  that  the  pressure  at  the  vertex  is  equal  to  th^ 
horizontal  thrust.  This  would  haye  been  about  37  feet 
in  the  middle  arch  of  Blackfriars  Bridge.  The  only  si* 
tuation  therefore  in  which  the  Catenarean  form  would 
be  proper,  is  an  arcade  carrying  a  height  of  dead  wall ; 
but  in  this  situation  it  would  be  very  ungraceful.  With^ 
out  troubling  the  reader  with  the  investigatioui  it  is  suf-« 
ficient  to  inform  him  that  in  a  Catenarean  arch  of  equi- 
libration the  abscissa  VH  is  to  the  abscissa  v  A  in  the  con- 
stant ratio  of  the  horizontal  thrust  to  its  excess  above  the 
pressure  on  the  vertex. 

599.  This  much  will  serve,  we  hope»  to  give  the  read- 
er a  clear  notion  of  this  celebrated  theory  of  the  equi- 
librium of  arches,  o^e  of  the  most  delicate  and  important 
applications  of  mathematical  science.  Volumes  have  been 
written  on  the  subject,  and  it  still  occupies  the  attention 
of  mechanicians.  But  we  beg  leave  to  say,  with  great 
deference  to  the  eminent  persons  who  have  prosecuted 
this  theory,  that  their  speculations  have  been  of  little 
service,  and  are  little  attended  to  by  the  practitioner. 
Nay,  we  .may  add,  th^t  Sir  Christopher  Wren,  perhaps 
the  most  accomplished  architect  that  Europe  has  seen, 
seems  to  have  thought  it  of  little  value :  for,  among  th^ 
fragments  which  have  been  preserved  of  his  studies,  there 
are  to  be  seen  some  imperfect  dissertations  on  this  very 
subject^  in  which  he  takes  no  notice  of  this  theory^  tad 
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Considers  the  balance  of  arches  in  quite  another  waj. 
These  are  collected  hj  the  author  of  the  account  of  Sir 
Christopher  Wren^s  family.  This  man^s  great  sagacity, ' 
and  his  great  experience  in  building,  and  still  more  his 
experience  in  the  repairs  of  old  and  crazj  fabrics,  had 
shown  him  many  things  very  inconsistent  with  this 
theory,  which  appears  so  specious  and  safe.  The  gene- 
ral facts  which  occur  in  the  failure  of  old  arches  are 
highly  instructive,  and  deserve  the  most  careful  attention 
of  tb^  engineer ;  for  it  is  in  this  state  that  their  defects, 
and  the  process  of  nature  in  their  destruction,  are  most 
distinctly  seen.  We  venture  to  ai6rm,  that  a  very  great 
majority  of  these  facts -are  irreconcileable  to  the  theory. 
The  way  in  which  drcular  arches  commonly  fail,  is  by 
the  sinking  of  the  crown  and  the  rising  of  the  flanks.  It 
will  be  found  by  calculation,  that  in  most  of  the  cases  il 
ought  to  have  been  just  the  contrary.  But  the  clearest 
proof  is,  that  arches  very  rarely  fail  where  their  load 
differs  most  remarkably  from  that,  which  this  theory  al- 
lows. Semicircular  arches  have  stood  the  power  of  ages» 
as  may  be  seen  in  the  bridges  of  ancient  Rome,  and  in 
the  numerous  arcades  which  the  ancient  inhabitants  have 
erected.  Now  all  arches  which  spring  perpendicularly 
from  the  horizontal  line^  require,  by  this  theory,  a  load 
of  infinite  height ;  and,  even  to  a  considerable  distance 
from  the  springing  of  the  arch,  the  load  necessary  for  the 
theoretical  equilibrium  is  many  times  greater  than  what 
is  ever  laid  on  those  parts ;  yet  a  failure  in  the  immediate 
neighbourhood  of  the  spring  of  an  arch  is  a  most  rare 
phenomenon,  if  it  ever  was  observed.  Here  is  a  most  re« 
markable  deviation  from  the  theory ;  for,  as  is  already 
observed,  the  load  is  frequently  not  the  fourth  part  of 
what  the  theory  requires. 

Many  other  facts  might  be  adduced  which  shew  gfeat 
deviations  from  the  legitimate  results  of  the  theory. 
W^  hope  to  be  excused^  therefore,.by  the  mathematicians 
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for  doubting  of  the  justness  of  thb  thtoiy.  We  do  not 
thinlc  iterroneous,  bat  defective,  learingout  circwiistaoces 
whidi  we  apprehend  to  be  of  great  itnportaoice ;  and  we 
imagme  that  )Jbe  defects  have  arisen  from  the  veij 
nnxietjr.of  the  mechanicians  to  make  it  perfect.  The 
Iffch  stones  are  supposed  to  be  perfecdy  smooth  or  po- 
lished, and  not  to  be  connected  by  any  cement,  and 
therefore  to  sustain  each  other  merely  by  the  equilibriom 
of  their  vertical  pressure.  The  theory  insures  this  equi- 
librium, and  this  only,  leaving  unnoticed  any  other  causes 
of  mutual  action. 

The  authors  who  have  written  on  the  subject  say  ex«- 
pressly,  that  an  arch  which  thus  sustains  itself  must  be 
atronger  than  another  which  would  ni>t ;  because  when, 
in  imagination,  we  suppose  both  to  acquire  connection 
hy  cement,  the  first  preserves  the  influence  of  this  con^ 
pection  unimpaired ;  whereas  in  the  other,  part  of  the 
eohesion  is  wasted  in  counteracting  the  tendency  of  some 
parts  to  break  off  frcm  the  rest  by  thdr  want  of  equUi- 
brium.  This  is  a  very  specious  argument,  and  would  be 
just,  if  the  forces  which  are  mutually  exerted  betweai  the 
parts  of  the  ardi  in  its  settled  state  were  merely  vertical 
pressures,  or,  where  different,  were  inconsiderable  in  eom* 
parison  with  those  which  are  really  attended  to  in  the 
eonstruction. 

But  this  is  by  no  means  the  case.  The  {brms  which 
the  uses  for  which  arches  are  erected  oblige  us  to  adopt, 
and  the  loads  laid  on  the  different  points  of  the  arch, 
frequently  deviate  considerably  from  what  are  necessMj 
for  the  equilibrium  of  vertical  pressures.  The  varying 
load  on  a  bridge,  wlien  a  great  waggon  passes  along  it, 
sometimes  bears  a  very  sensible  proportion  to  the  weight 
of  that  point  of  the  arch  on  which  it  rests.  It  is  even 
very  doubtful  whether  the  pressures  which  are  ooca- 
tioned  by  the  weight  of  the  stuff  employed  for  filfing  up 
the  flanks  really  act  hi  a  vertical  dsrection,  and.  in  t^ 
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proportion  which  is  supposed.  We  are  pretty  certaio 
that  thi»  b  not  the  case  with  sand,  gravel,  fat  mouldy  . 
and  many  substances  in  very  general  use  for  this  pur^ 
pose.  When  this  is  the  eaae,  the  pressures  sustained 
by  the  different  parts  of  the  arch  are  often  vtry  incon* 
sistent  with  the  theory»-a  part  of  the  arch  is  overload^ 

.  cd,  and  tends  to^  fall  in,  but  is  prerented  by  the  cement. 
This  part  of  the  apch,  therefore,  acts  on  the  remoter  part% 
by  the  intervention  of  the  parts  between,  employing  those 
intermediate  parts  as  a  kind  of  levers  to  break  the  arch 
in  a  remote  part,  just  as  a  lintel  would  be  broken.  We 
apprehend  that  a  mathematician  would  be  pusaled  how* 
to  explain  the  stability  of  an  arch  cut  out  of  a  solid  and 
uniform  mass  of  rock.  His  theory  considefs  the  mutual 
thrusts  of  the  arch  stones  as  in  the  direction  of  the  tan- 
gents to  the  arch.  Why  so  ?  because  he  supposes  that 
all  his  polished  joints  are  perpendicular  to  those  tangents. 
But  ia  the  present  case  he  has  no  existing  joints ;  and 
there  seems  to  be  nothing  to  direct  his  imagination  in  thd 

.assumption  of  joints^  which,  however,  are  absolutely  ne^ 
oesaary  for  employing  his  theory,  because,  without  a  sup- 
position of  this  kind,  there  seems  no  conceiving  any  mu- 
tual abutment  of  the  arch  stones.     Ask  a  common,  but 
intelligent,  mason,  what  notion  be  forms  of  such  an  arch? 
We  apprehend  that  he  will  consider  it  as  no  arch,  but  as* 
a  lintel,  which  may  be  broken  like  a  wooden  lintel,  and 
which  resists  entirely  by  its  cohesion.     He  will  not  rea^ 
dily  conceive  that,  by  cutting  the  under  side  of  a  stone 
lintel  into  an  arched  form,  and  thus  taking  away  more- 
than  half  of  ita  substance,  be  has  changed  its  nature  of  »: 
lintel,  or  given  it  any  additional  strength.     Nor  would 
there  be  any  change  made  in  the  way  in  which  such  a* 
mass  of  stone  would  resist  being  broken  down,  if  nothing, 
were  done  but  forming  the  under  side  into  an  arch.  If  the' 
lintel  be  so  laid  on  tbe  piers  that  it  can  be  broken  with*. 
m  its  parts  pushing  the  piers  aside  (which  will  be  the 
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case  if  it  lies  on  the  piers  with  horizbntal  joints),  it  wHl 
break  like  any  other  lintel ;  hot  if  the  joints  are  direeU 
ed  downwards,  and  converging  to  a  point  within  the 
archy  the  broken  stone  (suppose  it  broken  at  the  crown 
by  an  overload  in  that  part)  cannot  be  pressed  down 
without  forcing  the  piers  outwards.  Now.  in  this  mode 
of  acting,  the  mind  cannot  trace  any  thing  of  the  statical 
equilibrium  that  we  have  proceeded  on  in  the  foregoing 
theory.  The  two  parts  of  the  broken  lintel  seem  to  push 
the  piers  aside  in  the  same  manner  that  two  rafters  push 
outwards  the  walls  of  a  house,  when  their  feet  are  not 
held  together  by  a  tye-beam.  If  the  piers  cannot  be. 
pushed  aside  (as  when  the  arch  abuts  on  two  solid  rocks), 
nothing  can  press  down  the  crown  which  does  not'  crush 
the  stone. 

This  conclusion  will  be  strictly  true  if  the  arch  is  of 
such  a  form  that  a  straight  line  drawn  from  the  crown 
to  the  pier  lies  wholly  within  the  solid  madotiry.  .  Thusif 
the  vault  consist  of  two  straight  stones,  as  in  Fig.  1.  PL  X. 
or  if  it  consist  of  several  stones,  as  in  Fig.  14.  disposed 
in  two  straight  lines,  no  weight  laid  on  the  crown  can 
destroy  it  in  any  other  way  but  by  crushing  it  tO'  pow* 
der. 

600.  But  when  straight  lines  cannot  be  drawn  from 
the  overloaded  part  to  the  firm  abutments  through  the 
solid  masonry,  and  when  the  cohesion  of  the  parts  is  not 
able  to  withstand  the  transverse  strains,  we  must  call  the 
principles  of  equilibrium  to  our  aid ;  and,  in  order  to 
employ  them  with  safety,  we  must  consider  how  they 
are  modified  by  the  excitement  of  the  cohering  forces. 

The  cohesion  of  the  stones  with  each  other  by  cement 
or  otherwise,  has,  in  almost  every  situation,  a  bad  effect. 
It  enables '  an  overload  at  the  crown  to  break  the  arch 
near  the  haunches,  causing  those  parts  to  rise,  and  then 
to  spread  outwards,  just  as  a  Mansarde  or  Eirb  roof 
would  do  if  the  truss-beam  which  connects  .the  heads  c€' 
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tbe  lower  rafters  were  sawn  through.  ^  This  can  be  pre^ 
vented  only  by  loading  that  part  more  than  U  requisite  for 
cquilibriuDL  It  would  be  prudent  to  do  this  to  a  certain 
degree,  because  it  is  by  this  cohesion  that  the  crown  al- 
ways becomes  the  weakest  part  of  the  arch,  and  suffers 
more  by  any  occasional  load* 

We  expect  that  it  will  be  said  in  answer  to  all  this^ 
t|Mit  the  cohesion  given  by  the  strongest  cement  which  we 
can  employ,  nay  the  cohesion  of  the  stone  itself,  is  a  mere 
nothing  in  comparison  with  the  enormous  thrusts  that  are 
in  a  state  of  continual  exertion  in  the  different  parts  of 
an  arch.  This  is  very  true ;  but  there  is  another  force 
which  {>rodaces  the  same  effect,  and  which  increases  near- 
ly in  the  proportion  that  those  thrusts  increase,  because 
it  arises  from  them.  Thb  is  the  friction  of  the  stones  on 
each  other.  In  dry  freestone  this  friction  considerably 
exceeds  one  half  of  the  mutual  pressure.  The  reflecting 
reader  will  see  that  this  produces  (he  same  effect,  in  the 
case  under  consideration,  that  cohesion  would  do;  for 
while  the  arch  is  in  the  act  of  failing,  the  mutual  pressure 
of  the  arch  stones  is  acting  with  full  force,  and  thus  pro- 
duces a  friction  more  than  adequate  to  all  the  effects  we 
have  been  speaking  of, 

601.  When  these  circumstances  are  considered,  we 
imaginie  it  will  appear  that  an  arch,  i^hen  exposed  to  a 
great  overload  on  the  crown  (or  indeed  on  any  part),  di« 
vides,  of  itself,  into  a  number  of  parts,  each  of  which 
contains  as  many  arch  stones  as  can  be  pierced  (so  to 
speak)  by  one  straight  line,  and  that  it  may  then  be  con- 
sidered as  nearly  in  the  same  situation  with  a  polygonal 
arch  of  long  stones  butting  on  each  other  like  so  many 
beams  in  a  Norman  roof,  but  without  their  braces  and 
ties;  It  tends  to  break  at  all  those  angles;  and  it  is 
i|ot  sufficiently  resisted  there,  because  the  materials  with 
which  the  flanks  are  filled  up  have  so  little  cohesion, 
that  the  angle  feels  no  load*except  what  is  immediate* 
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If  ahme  it;  whereas  it  should  be  immediaf^ly  loadeid 
with  all  th^  Weight  which  is  diitbs^  otrer  tlie  adjbihiitg 
^de  of  thte  polygon.  This  will  be  the  case,-  eren  tbou^ 
the  curvilitieal  arch  be  perfectly  equilibrated.  We  feco!- 
lect  some  circtimstatides  in  the  failure  of  a  cdnsideraUb  arch, 
which  may  be  worth  mentioning.  It  had  beeil  bmit  ot 
an  exceedingly  soft  arid  friable  stonie,  arid  the  arch  stones 
were  too  shorti  About  a  fortnight  before  it  fell^  cKipsi 
frere  observed  t6  be  drop|[»tri^  ofF  from  the  joints  of  tfctf 
iHnch  stones  about  ten  feet  on  ea<ih  side  of  the  middle,  and 
also  fiHrni  another  plade  on  one  side  of  the  arch,  abotiV 
twenty  feet  from  its  middle.  The  miison^  in  the  nefgH^ 
bourhood  prognosticated  its  speedy  downfal,  and  said 
it  woulll  separate  in  thoscf  places  where  the  chips' Wenef 
breaking  off.  At  length  it  fell ;  but  it  first  spUt^  in  th^ 
middle,  and  about  15  or  16  ibet  on  each' side,  and  also  fl(f 
the  very  springing  of  the  arch:  Immediately  before  thcf 
fair  a  shiyering  or  crackling  noise  was  heard^  arid  a  greatr 
many  chips  dropped  down  from*  the  middle  between  the 
two  places  frorii  Whence  they  had  dropped  a  fortnight  be- 
'  fore.  T'he  joints  opened  above  at  those  new' places  above' 
two  inches,  and  in  the  middle  of  the  arch  the  joints  open- 
ed below,  and  in  about  five  minutes  after  this  the  whole' 
caitie  down.  Even  this  movement  was'  plainly  distin- 
^ishable  into  two  parts.  The  crown  sunk*  a  little,  and' 
the  haunches  rose  very  sensibly,  arid  in  this  state  it  hung  ■ 
for  about  half  a  minute.  The  arbh  stones  of  the  crown' 
W^re  hanging  by  their  uppei' comers.  When  these  splint-' 
ered  off,  the  wbote  fell  down. 

We  apprdiend  that  the  procedure  of  nature  Was  some- 
what in  this  manner.  Sti-aight  lines  can  be  drawn  within 
the  arch  stones  from  A  (Fig.  Id.)  to'B  arid  D;  and  from 
those  points  to  C  and  E.  Each  of  the  portions  ED,  DA, 
AB,  BC,  resist  as  if  they^  were  of  one  stone,  composing  a 
polygonal  vault  EDABC^  When  this  is  overloaded  at  A, 
A  can  descend  in  no  other  w^y  than  by  pushing  the  angles' 
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B  iiii  p  oulfirafds,  causing  the  poftiBtiti  BC,  D£,  to  turn 
rouiid  *C  and  E.  This  motiort  must  raise  the  points  h 
and  D9  dnd  cause  the  arch  stones  to  press  on  each  otheir 
at  tlieii*  inner  joints  b  ahd  d.  This  pt*oduced  the  copious 
splintering  at  those  joints  immediately  preceding  the  total 
downlaL  The  splintering  which  hsipperied.  a  fortpigtit 
hktore^  arose  from  this  circumstance,  tdat  the  lines  A'k 
AnA  ADy  along  which  the  pressure  df  ihe  overload  was 
propagated,  were  tangents  to  the  soM  oY'tfi'e  arch  in  the 
points  P,  H,  ahd  6,  ahd  therefore  the  strain  lay  ill  on 
those  corners  o'f  the  arch  stones,  a^d  spTfntered  a  littie 
tt6in  dif  theni  till  th^  whole  took  a  firmed  bed.  The  sut>- 
sequent  phendniena  are  evident  consequences  of  this  dis« 
iributibh  and  modification  of  pressure,  and  can  hardfy  be 
^s!plahi^  in  any  other  way  ;  at  least  not  oifi  the  theoreti* 
tai  (jrinciptes  already  set  forth ;  for  in  this  bridge  the 
loads  hi  &  Bhd  i)  were  very  considerably  greater  tl^an 
what  (he  equilibrium  required;  and  we  think  that  the 
fitsi  ol)served  splintering  at  H,  F,  and  6^  was  most  in- 
structive', showing  that  there  was  an  ertraordinary  pres- 
sure  at  the  inner  joints  in  those  places,  which  cannot  be 
explained  by  the  usual  theory. 

Not  satisfied  with  this  single  observation^  after  this 
way  of  explaining  it  occurred  to  us,  and  not  being  able 
to  fiiid  any  similar  fact  on  record,  the  writer  of  this  article 
got  some  small  models  of  arches  executed  in  chalk,  and 
subjected  them  to  many  trials,  in  hopes  of  collecting  some 
general  laws  of  tne  internal .  workings  of  arches  which 
finally  produce  t^eir  downfal.  He  had  the  pleasure  of ' 
observing  the  above  mentioned  circumstances  take  place 
very  regularly  and  uniformly,  when  he  overloaded  the 
models  at  A.  The  arch  always  brotce  at  some  place  B 
considerably  beyond  another  point  F,  where  the  fin^ 
chipping  had  6een  observed.  This  is  a  method  oif  trial 
that  deserves  the  attention  doth  of  the  theorist  ana 
the  practitioner. 

VOL.  I.  2  s 
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If  these  reflections  are  any  thing  like  a  just  aceomit  of 
.the  procedure  of  nature  in  the  failure  of  an  arch,  it  is  evi- 
dent that  the  ingenious  mathematical  theory  of  equili- 
brated arches  is  of  little  Taloe  to  the  engineer.  We  ven- 
,tured  to  say  as  much  already,  and  we  rested  a  good  deal 
on  the  authority  of  Sir  Christopher  Wren.  He  was  a  good 
.mathematician^  and  delighted  in  the  application  of  this 
science  to  the  arts.  He  was  a  celebrated  architect ;  and 
bis  reports  on  the  various  works  committed  to  his  charge, 
show  that  he  was  in  the  continual  habit  of  making  this 
application.  Several  specimens  remain  of  his  own  me- 
thods of  applying  them.  The  roof  of  the  theatre  of  Ox* 
lord,  the  roof  of  the  cupola  of  St  PauFs,  and  in  p^icu- 
lar  the  mould  on  which  he  turned  the  inner  dome  of  that 
cathedral,  are  proofs  of  his  having  studied  this  theory 
inost  attentively.  He  flourished  at  the  very  time  thfti  it 
occupied  the  attention  of  the  greatest  mechanicians  of 
£urope;  but  there  is  nothing  to  be  found  among  his 
papers^  which  shows  that  he  had  paid  much  regard  tq  it. 
On  the  contrary,  wheii  he  has  occasion  to  deliver  his  opi« 
nion  for  the  instruction  of  others,  and  to  explain  to  the 
Dean  and  Chapter  of  Westminster  his  operations  in  repair* 
in|[  thatcoile|[iate  church,  this  great  architect  considers  an 
^ch  just  as  a  sensible  and  sagacious  mason  would  do,  and 
very  tnuch  in  the  way  that  we  have  just  now  been  treat- 
ing it.  (See  jiccmtd  of  the  Family  of  fVretiy  p.  356, 
&c.)  Supported  therefore  by  such  authority,  we  would 
recommend  this  way  of  considering  an  arch  to  the  study 
of  the  mathematician^  and  we  would  desire  the  experi- 
enced  mason  to  think  of  the  most  efficacious  methods  for 
resisting  this  tendency  of  arches  to  rise  in  the  flanks. 
Unfortunately  there  seems  to  be  no  precise  principle  to 
poiiit  out  the  place  where  this  tendency  is  most  remarkable. 

We  are  therefore  highly  pleased'  with  the  ingenious 
.contrivance  of  Mr  Mylne,  the  architect  of  Blackfriars 
"Bridge  in  London,  by  which  he  determines  this  point 
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«d  ^tndiito^  sparing  in  aqjjt  other  place.  Having  thus  con- 
fined the  failure  te  a  particttl«r  spot,  he  with  equal  art 
ofpposel;  a  re^isUmce  which  he  believes  to  be  stpfficient; 
and  the  present  con^itjpti  of  that  noble  bridge,  which 
dcfes  not  inianjr  {daee  Aon  the 'smallest  change  of  shape^ 
proveq  that  he  was  n#t  mistaken.  Looking  on  this  work 
a«.  the  *fir»t,  or  0t  least  |he  secpnd^  specimen  of  masonic 
tegteuit^^that  is  to  be'if^n  in.the  world,  we  imagine  that 
our  t^ers  wiU  be  plf  as^  with  a  particular  account  of  its 
inest  r6mark4bte  drciiofistam^es.  . 

•609;  The  span  k  a  (Fig;  16.)  of  the  middle  arch  is  100 
fe^t,  and  its  height  OV  is  40,  apd  the  thickness  KV  of 
llM^  crown  is  six  feet^^f v^  ^pch^     Its  form  is  nearly  el- 
liptical ;  the  part  AY^  i)¥lipg  <ui  arch  of  a  circle  whose 
cei^re  is  C,  and  rffdiu%|<^)$eet,  and'the  t^o  lateral  por- 
tions A/r9  and  ZaEbefng  arches  desoribed  with  a  ra- 
dius ag'SJ^  feet  nearly.    Tbe^  thickness  4}f  the  pier  at  a  6  is 
)d  feet.    The  thickness  iqfi^^e  arch  increases  from  the 
crown »y  ta  Y^  where  it  ii;  eight,  or  nine  feet    All  the 
arch  stones  have  their  jcfints  directed  to  the  centres  of 
their  corvatmr^.    The  joints  are  all  joggled,  having  a  cu« 
bic  foot  of  hard  stone  let  half  way  into  each.    By  this 
Qontrtvance  the  joints  cannot  slide,  nor  can  any  weight 
lajd'On  the  crown  ever  break  the  arch  in  that  part,  if  the 
piers  4o  not  yield ;  for  a  straight  line  from  the  middle  of 
KV  to  the  middle  of  the  joint  YI  is  contained  within  the 
aol)d  masonry,  and  doe^  not  even  come  near  th^  inner  joints 
of  the  arch  stones.    Therefore  the  whole  resists  like  'one 
stone^  and  can  be  broken  only  by  crushing  it     The  joint 
at  Z  is  very  nearly  perpendicular  to  a  line  YF  drawn  to 
the  outer  edge  of  the  foundation  of  the  pier.    By  this  it 
was  intended  to  take  off  tdl  tendency  of  the.  pressure  on 
the  joint  d  Z  to  overset  the  pier ;  for  if  we  suppose,  ac- 
cording to  the  theory  of  equilibration,  that  this  pressure 
is  necessarily  exerted  perpendicularly  to  the  joints  its.di«  ' 
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reetion  p^Me§  through  the  fulcnim  At  F,*  routdl  whicli  it 
18  thought  that  the  pier  must  turn  lA  the  airt  df  OTcrsetting. 
This  precaution  was  adopted,  in  order  to  make  the  arch 
quite  independent  of  the  adjoining  arthes;  so  that  al« 
though  any  of  them  should  fall,  this  arch  shbuld  run  no  tiA. 

StiH  farther  to  secure  the  independence  of  the  arch,  the 
(bliowing  construction  was  practised  to  unite  it  ihto  one 
mass,  which  should  rise  altogether.  All  below  the  Kne 
a  ft  is  built  of  large  blocks  of  Portltuid  stone,  dov«talM 
with  sound  odt.  Four  pbces  in  each  course  are  inter- 
rupted by  equal  blocks  of  a  hard  stohe  called  JTmfuA  ragf 
ivLnk  halfway  in  each  course.  These  act  As  joggles,  break* 
ing  the  courses,  and  preventing  them  from  siidmg  laterally. 

The  portion  a  Y  of  the  ardi  is  joggled  like  the  upper 
part  The  interior  part  is  filled  up  with  Urge  bUxkB  of 
Kentish  rag,  forming  a  kind  bf^eursed  rubU&>#ork,  the 
bourses  tending  to  the  centres  of  the  arch.  iThe  uader 
comer  of  each  arch  stone  projects  over  the  one  below  it. 
By  this  form  it  takes  fast  hold 'df  the  rubMe-werk  befaincl 
it.  Above  this  rubble  there  h  constructed  the  inverted 
arch  I  e  6  of  Portland  stoife.^  This  arcli  shares  the  pires* 
sure  of  the  two  adjoining  arches,  along  with  the  ardl 
stoires  in  Y  a  and  in  G  fr.  Thus  all  tend  together  to  com- 
press and  keep  down  the  rubble-work  in  the  heiti^t  of  this 
part  of  the  pier.  This  is  a  tery  useful  precaution ;  tbr  it 
often  happens,  that  when  the  centres  of  the  archer  are 
struck,  before  the  piers  are  built  up  to  their  intended 
height,  the  thrust  of  the  arches  squeezes  the  rubble- 
work,  horizontally,  after  the  mortar  has  set,  but  before 
it'has  dried  and  acquired  its  utmost  hardness.  Its  bond  ia 
broken  by  this  motion,  and  it  is  squeezed  up,  and  never  ac- 
quires its  former  firmness.  TBTs  is  efl^ctually  prevented  by 
the  pressure  exelrted  by  the  back  of  the  inverted  arch. 

*  We  have  btfen  infiMiiMd,  upon  good  autlu>rityt  tbat  thk  ioTcrted  arcb 
does  not  exist  in  Blackfrian  Bridge,  and  that  it  was*  inserted  in  the  ptanv 
merely  for  the  potpose  of  insj^ring  confidence,    E»b 
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A1)0Ta  tbii  counter  vch  is  antther  mMfl  of  coursed 
fubble,  an^  all  is  covered  bjr  a  borisontal  course  of  large 
blocks  of  Portland  stone,  batting  against  the  back  of  the 
arch  stone  ZI  and  its  corresponding  one  in  the  adjoining 
§rch.  This  course  connects  the  feet  of  the  two  arches,  pre- 
serves  the  rubble- work  firom  too  great  compression,  and 
protects  it  from  soaking  water.  This  last  circumstance  is 
unportant;  for  if  the  water  which  falla  on  the  road- way" 
is  not  carried  off  in  pipes,  it  soaks  through  the  gravel  or 
other  rubbisha  rests  on  the  mortar,  a«d  keeps  it  continually 
wet  and  soft.  It  cannot  escape  through  the  joints  of  good 
masonry,  and  therefore  fills  up  thid  part  like  a  funnel. 

Supposing  the  adjoining  arch  fallen,  and  all  tumbled  oiT 
that  b  not  withheld  by  its  situatioo,  there  will  still  remain 
in  the  pier  a  mass  of  about  3500  tons.  The  weight  of  the 
portion  VY  is  about  2000  tons.  The  dim;tions  of  the 
thrusts  RY  and  YF  are  such,  that  it  would  require  a 
load  of  4fi00  tons  on  V  Y  to  overturn  the  pier  round  F. 
This  exceeds  VY  b^  ifSQO  tons ;  a  weight  incomparably 
greater  than  my  t^iat  can  ever  be  laid  on  it. 

Such  is  the  ingenious  construction  of  Mr  Mylne.  It 
evidently  pn^ceeds  on  the  principles  recommended  above ; 
principles  which  have  occurred  to  his  experienced  and  sa* 
gacious  mii^d  during  the  cQu^'se  of  his  ei^tensive  practice. 
We  h&ve  seen  attempj^  by  other  engineers  to  withstand 
the  horizontal  thrusts  of  the  arch  by  means  of  counter 
arches  inserted  in  the  same.manofr  as  here,  but  extendi^ 
ipg  niuch  farther  over  the  main  arch ;  hut  they  did  not 
appear  to  be  well  calculated  for  producing  this  effect.  A 
counter  arch  springing  from  any  poiqt  between  Y  and  Y 
has  po  tendency  to  hii^er  that  point  from  rising  by  the 
sinking  of  the  crown ;  and  such  a  counter  arch  wilt  not 
resist  the  precisely  horiapntal  thrust  so  well  as  the  straight 
course  of  Mr  Mylne.  * 

*  A  Plan  and  Elevation,  and  a  description  of  Blackfriars  Bridge, 
wis  ba  found  in  the  Koimborgh  £NCTCi.opjiBU4  ArU  Baipaa,  see  p.  48S 
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603«  There  is  another  species  of  arch  which  mtist  not 
he  overlooked,  n8inel3F;  the  Dpu  r  or  Cupola,  with  all  ittf 
varieties,  which  include  even  the  pyrataidal  steeple  d^ 
9pire. 

604.  It  is  evident  that  the  erection  of  a  dome  is  abo  a 
scientific  art,  proceeding  on  th^  principles  of  equilibra- 
tion^  and  that  these  prindpfes  admit  and  require  the 
same  or  similar  modifications,  in  consequence  of  the  co- 
hesion and  friction  of  the  materials.    At  first  sight,  too, 
a  dome  appears  a  more  difficult  piece  of  work  than  a* 
plain  arch ;  but  when  we  observe  potters  kilns  and  glass- 
house domes  and  cones  of  vast  extefnt,  erected  bj  ordinary 
bricklayers,  and  with  materials  vastly  inferior  in  size  to 
what  can  be  employed  in  common  arches  of  equal  extent, 
we  must  conclude  that  the  circumstance  of  curvature  in 
the  horizontal  direction,  or  the  abutment  of  a  circular 
base,  gives  some  assistance  to  the  artist.    Of  this  we  have 
complete  demonstration  in  the  case  of  th^  cone.    Yft 
know  that  a  vaulting  in  the  form  of  a  pent  roof  could  not 
be  executed  to  any  considerable  Extent,  and  would  be  ex- 
tremely hazardous,  even  in  the  smallest  dimensions ;  while 
a  cone  of  the  greatest  magnitude  can  be  raised  with  very 
small  stones,  provided  only  that  we  prevent  the  bottom 
from  flying  out;  by  a  hoop,  or  any  similar  contrivance. 
And' when  ive  think  a  little  of  the  matter,  we  see  plainly, 
that  if  the  horizontal  section  be  perfectly  round,  tind  tbe 
joints  be  all  directed  to  the'  alis,  they  lill  equally  endea- 
vour to  slide  inwards,  while  no  reason  can  be  offered  why 
any  individual  stohe  should  prevail.    They  are  all  wedges, 
and  operate  only  as  wedges.  '  When  we  consider  any 
single  course,  therefore,,  we  se^  that  it  cannot  iBi!  in, 
even  though  it  may  be  part  of*  a  curve  which  could  hot 
stand  as  a  common  arch  ;  nay,  we  see  that  a  dome  may^ 
be  constructed,  having  the  convexity  of  the  curve,  by  the 
revolution  of  which  it  is  formed,  turned  toward  the  axis, 
fo  that  Jhq  outline  is  concave*    We  sbftll  afterwards  fiad 
fhat  this  is  a  stronger  dome  by  far  than  if  the  convexitj 
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were  outwards,  as  in  a  common  arch.  We  see  also  that 
a  cone  may  be  loaded  on  the  top  with  the  greatest  weighty 
without  the  smallest  danger  of  forcing  it  down,  so  long 
as  the  bottom  course  is  firmly  kept  from  bursting  o\xU 
wards.  The  stone  lanthern  on  the  top  of  St  PauVs  ca- 
thedral in  London  weighs  several  hundred  tons,  and  is 
carried  by  a  brick  cone  of  eighteen  inches  thick,  with, 
perfect  safety,  as  long  as  the  bottom  course  is  prevented 
from  bursting  outwards.  The  reason  is  evident ;  The 
pressure  on  the  top  is  propagated  along  the  cone  in  the 
direction  of  the  slant  side ;  and,  so  far  from  having  any 
tendency  to  break  it  in  any  part,  it  tends  rather  to  pre- 
vent its  being  broken  by  any  irregular  pressure  from  fo- 
reign causes. 

605.  For  the  same  reasons  the  octagonal  pyramids,  which 
form  the  spires  of  Gothic  architecture,  are  abundahtly. 
firm,  although  very  thin.  The  sides  of  the  spire  of  Sa- 
lisbury cathedral  are  not  eight  inches  thick  after  the  octa- 
gon is  fully  formed.'  It  is  proper,  however,  to  direct  the 
joints  to  the  axis  of  the  pyramid,  and  to  make  the  cours- 
*^ng  joints  perpendicular  to  the  slant  side,  because,  the. 
projecting  mouldings  which  run  along  the  angles  are  the 
abutments  on  which  the  whple  pannel  depends.  A  consi- 
derable art  is  necessary  for  supporting  those  pannels  or 
sides  of  the  octagon,  which  spring  from  the  atigles  of  the 
square  tower.  This  is  done  by  beginning  a  very  narrow 
pointed  arch  on  the  square  tower  at  a  great  distance  b^ 
low  the  top ;  so  that  the  legs  of  the  arch  being  very  long, 
a  straight  line  may  be  drawn  from  the  top  of  the  keystone 
of  the  arch  through  the  whole  arch  stones  of  the  legs. 
By  this  disposition  Che  thrusts  arising  from  the  weight  of 
these  four  pannels  are  made  to  meet  on  the  massive  tna^ 
sonry  in  the  middle  of  the  sides  of  the  tower,  at  a  great 
distance  below  the  springing  of  the  spire.  This  part,  bo> 
ing  loaded  with  the  great  mass  of  perpendicular  wall,  ia. 
fully  able  to  withstand  the  horizontal  thrust  from  ih^ 
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l?g9  of  tbp^  arobes.    |n  manj  spires  (bese  thrusts   m^ 
still  farther  resisted  by  iron  ban  which  croaa  the    tourer^ 
and  are  Kooked  into  pieces  of  |>ra8s  Qrmly  bedded    in   the 
masonry  of  the  sides.     There  is  much  nice  balancing   of 
this  kind  to  be  obserye4  in  the  highly  ornayneptal   opei| 
spires ;  such  as  those  of  Brussels,  Mechlin,  Antwerp^   &c 
606.  It  is  now  time  to  attend  to  the  principle  of  equili- 
brium, as  it  operates  in  a  simple  circular  dome,  and    ta 
determine  the  thickness  of  the  vaulting  when  the  curv'e 
is  given,  or  the  <;urve  when  the  thickness  is  given,  Tl^ere- 
fore,  let  B  ^  A  (]f  i|[.  17.)  be  the  curve  which  produces  t|ie 
dome  l^y  revolving  rounjl  the  vertical  axis  AD.     We 
shi^ll  suppose  this  curve  to  be  drawn  through  the  middle 
of  the  arch  stones,  and  that  the  coursing  or  horizontal^ 
joints  are  everywhere  perpendicular  to  tjie  cyrve.    We 
stiall  suppose  (as  is  always  the  case)  that  the  thickneaa 
'KLy  HI,  &c«  of  the  arch  atones  is  very  small  in  compari-* 
abn  with  the  dinienstons  of  the  arch.    If  we  consider  any 
portion  HA  h  of  the  ^ome,  it  is  plain  that  it  presses  oq 
tlie  course,  of  which  HL  is  an  arch  stone,  in  a  directioa 
5C  perpendicular  to  the  joint  HI,  or  in  the  dir^^ion  of 
the  liext  superior  element  ^h  of  the  curve.     As  we  pro, 
ceed  downwards,  course  after  course,  w;e  see  plainly  that 
this  direction  must  change,  because  the  weigfit  of  each 
course  is  superadded  to  that  of  the  portion  above  it,  to 
complete  the  pressure  on  the  course  below.     Thn>\)gb  B 
draw  the  vertical  line  BC6^  meeting  /s  6,  produced  in  C«    - 
tV^e  may  take  6  c  to  express  the  pressure  of  all  that  is|  above 
jt,  propagated  in  this  direction  to  the  joint  KJU.     We 
iJiay  also  suppose  the  weight  of  the  course  Hlf-  united  ia 
j^  and  acting  in  the  vertical.     Let  it  be  represented  by 
^  F.    If  we  form  the  parallelogram  b  FGC,  the  diagonal 
f  G  will  represent  th^  direction  and  intensity  qf  the  whole 
pressure  on  th^  joint  KL.     Thus  it  appears  that  this  pres* 
jure  is  continually  changing  its  direction,  and  that  the 
jinei  which  will  always  coincide  with  it,  must  be  a  curve 
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ifrac^re  dpiri^iri^-    X^  t|iM  b^  pracisely  tbe  ci|rre  of  tfee 
4pm«,  it  wfll  he  an  pqpUibri^ted  vaulting;  but  sp  far  from 
beipg  th^  s^rqng^  form^  it  U  the  w^^t»  aud  it  is  tbe 
liiqU  to  i|n  infini^  of  Qi\itrh  i?bich  ai:^  all  4troDg^  than 
it    Tbis  wiM  appei^r  evi^ef^t^  if  w^ei  suppose  that  b  6  does 
not  coincide  witb  the  curve  4>  A  P»  but  passes  without  it. 
^s  w(e  suppf>9e  t^e  a(;ch  ^\pn^  t^  (^  exceedingly  tbin 
ffpm  iQ3ide  to  outside,  it  is  plain  tbi^t  tbis  douie  cannot 
a)and,  qnd  tbat  thj;  lyeight  of  the  upp^r  pa|t  will  pri»s  it 
dpiyn,  and  spdng  tfie  vfultjfig  outward^  a^  (|i^  joint  ]^t«.. 
ixLi  let  us  suppose^  on  the  qt)(ef  hand^  tl)at  b  6  f§l|s  with- 
iji  tb^  quiriUpe^l  element  b  Q,    T|iis  evidently  tend^  to, 
£V9b  the  arch  stpne  inv)ri|rd,  tofv^rd  the  a^^is,  an^  woulfl» 
9iuse  it  to  slide  in,  since  the  jfiints  ace  supposed  perfectly 
smooth  ^ifd  slipping.    Put  since  this  tafce^  place  equally. 
ijx  ever^  ^^o**?  ^f  ^^^^  coursfe,  they  must  all  i|but  on  eacU 
other  in  tiffi.  vertical  joiv^,  squeea^ing  tbfioji  firmly  toge- 
tb^.    Therefore!  resolving  the  thrust  ft  Q  into  two,  one 
qf  which  is  perpei^djcular  to  the  joint  KL,  and  the  otbeir 
parallel  to  i^  we  see  that  (his  la^t  thrust  is  withstood  b]i; 
the  vertif  a]  joiqts  all  arpuqd,  ^^d  tbfsre  ren^ains  only  tbe 
thrust  in  tl^e  d^r^tion  of  tbe  curre*    Sucb  a  dome  must 
tl^erefore  l^  firiper  than  ap  ^qiUIibr^ited  dome,  and  ci^a- 
i^ot  be  so  easily  broji^n  by  overlpfding  tb^  upper  part. 
When  tbe  curve  is  concave  upwfirdfib  as  in  tbe  lower  p^rt 
of  tbe  figure,  th^  line  ft  C  i^lways  f^U  h^Uaw  ft  Q,  and  tbf 
point  C  below  Bp  When  the  curve  is  concave  downwards, 
^8  in  tbe  tapper  piurt  of  th^  figure,  'ft  C  passes  above,  cm: 
without  ft  B,    The  curvature  may  be  so.  abrupt,  that  even 
ft'  G'  shall  pass  without  'ft  B',  and  tbe  point  O'  be  abovn 
1^\    It  is  also  evident  that  tbe  force  which  thus  binds  tbq 
atones  of  a  horij^pntal  course  together,  hj  pushing  them 
towards  the  axis,  will  be  greater  in  flat  domes  than  iq 
those  that  are  ifipr^  QOQvei^ ;  thut  it  will  be  still  greater 
in  a  cone ;  and.greater  still  in  a  curve  whose  convexity  is 
turned  inwards :  for  in  tbis  last  case  the  line  ft  G  will  de^ 
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viate  mcrst  remarkably  from  the  curve.  Such  a  dome  ^iH 
stand  (having  polished  Joints)  if  the  curve  springs  from 
the  base  with  anj  elevation,  however  small ;  naj,  since  the 
friction  of  two  pieces  of  stone  is  not  less  than  half  of  their 
mutual  priessure,  such  a  dome  will  stand,  although  the  tan- 
gent to  the  curve  at  thebottom  should  be  horizontal,  provid- 
ed that  the  horizontal  thrtist  be  double  the  weight  of  the 
dome,  which  may  easily  be  the  case  if  it -do  not  rise  high. 
607.  Thus  we  see  that  the  stability  of  a  dome  depends 
on  very  different  principles  from  that  of  a  common  arch^ 
and  is  in  general  much  greater.  It  differs  also  in  ano- 
ther very  important  circumstance,  viz.  that  it  may  be 
open  in  the  middle  :  for  the  uppermost  course,  by  tend^ 
ing  equally  in  every  part  to  slide  in  toward  the  axis,  presses 
all  together  in  the  vertical  joints,  and  acts  on  the  next' 
eourse  like  the  keystone  of  a  common  arch.  Therefore 
an  arch  of  equilibration,  ivhich  is4he  weakest  of  all,  may 
be  open  in  the  middle,  and  carry  at  top  another  building, 
such  as  a  lanthem,  if  its  weight  do  not  exceed  that  of 
the  circular  segment  of  the  dome  that  is  omitted.  A 
greater  load  than  this  woiild  indeed  break  the  dome  by 
causing  it  to  spring  up  in  some  of  the  lower  courses ;  but 
this  load  may  be  increased  if  the  curve  is  flatter  than  the 
curve  of  equilibration:  and  any  load  whatever,  which 
will  not  crush  the  stcmes  to  powder,  may  be  set  on  a  trun- 
cate cone,  or  on  a  dome  formed  by  a  curve  that  is  con- 
vex toward  the  axis ;  provided  always  that  the  founda-^ 
tion  be  effectually  prevented  from  flying  out,  either  by  a 
hoop,  or  by  a  sufficient  mass  of  solid  pier  on  which  it  is 
set.  We  have  mentioned  the  many  failures  which  hap- 
pened to  the  dome  of  St  Sophia  in  Constantinople.*  We 
imagine  that  the  thrust  of  the  great '  dome,  bending  the 
eastern  arch  outward  as  soon  as  the  pier  began  to  yield, 
destroyed  the  half  dome  which  was  leaning  on  it,  and 

■   ;■ I.I  II        I    I    .•■■    ■     *i       ti.      11     .1         I  .—   I  ■ 1,11       ii 

*  Seethe  BotvauBc*  Ehcycx.opmdu,  Art.  Cira  Architbctvae, y<ill.  VI. 
p.  625.  and  Plate  CLXXIIl.  of  that  work.     Eji; 
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tins,  Adosfr  in  an  instant,  took  away  the  eastern  abut- 

inent    We  think  that  this  might  have  been  pterented/ 

irith<nit  any  change  in  the  injudicious  plan»  if  the  dome 

bad  been  hooped  with  iron,  as  was  practiced  by  Michael* 

Angdo  ill  the  vastly  more  ponderous  dome  of  St  Peter*s  at 

Rome,  and  by  Sir  Christopher  Wren  in  the  cone  ahd'the' 

ipner  dome  of  St  PauFs  at  London. 

608/ The  weight  of  the  latter  eonsidtrably  exceeds  SOOO' 

tons,  and  they  occasion  a  horizontal  thrust*  which  is  nearly 

half  this  quantity,  the  elevation  of  the  cone  b^ing  about  60". 

This  being  distributed  round  the  circumference,  occasions  a 

7 
strtdn  on  the  hoop  =  ^ — ^  of  thp  thrust^  or  nearly 

238  tons.  A  square  inch  of  the  worst  iron,  if  well  forg« 
ed,  will  carry  25  tons  with  perfect  safety :  therefore  a 
boop  of  7  inches  broad  and  ]|  inches  thick^  will  complete- 
ly secure  this  circle  fpom  bursting  outwards.  It  is,  how- 
ever, much  mope  oompietely  iecuFed ;  for,  besides  a  hoop^ 
at  the  base  of  very  nearly  these  dimensions,  there  are- 
boopa  in  different  courses  of  the  cone,  which  bind  it  lAto 
one  mass,  ^nd  ^aus^  it  to  press  on  the  piers  in  a  dtrectioq 
exactly  vertical.  The  only  thrusts  which  the  piers  sus- 
tain are  those  from  the  arches  of  the  Iwdy  of  the  church 
and  the  transepts.  These  are  most  judiciously  directed' 
to  the  Entering  angles  of  the  building,  and  are  there  re- 
sisted with  insuperable  force  by  the  whole  lengths  of  thir 
walU«  and  by  four  solid  masses  of  masonry  in  the  eomens* 
Whoever  con^ders  with  attention  and  judgment,  (be  plan  of 
this  cathedral,  will  see  that  the  thrusts  of  these  arches,  aiid 
of  the  dome,  are  incomparably  better  balanced  than  in  St ' 
Peter's  church  at  Rome.  But  to  return  from  this  digression. 
600.  We.  have  seen  .that  if  b  G,  the  thrust  compoundecT 
of  the  thrust  b  C,  exerted  by  all  the  courses  above  HI]L.K» 
and  if  the  force  b  F,  or  the  weight  of  that  course,  be 
everywhere  coincident'  with  b  B,  the  element  of  th^ 
curve^  we  ^hall  have  an  equilibrated  dome ;  if  it  faUi| 
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wittap  it»  we  have  a  dome  which  will  bear  a  greater 
load ;  and  if  it  falls  without  it,  the  dome  will  break  at 
the  jpint.  We  must  endeavour  to  get  aual/tical  expres- 
aioDs  of  these  conditiomu  Therefore  draw  the  oridinatea 
b )  b",  BDB^  C  d  C\  Let  the  tangents  at  b  and  y' 
meet  the  axis  in  M,  and  make  HOj  MP,  each  equal  to 
b  Cj  and  complete  the  parallelogram  Af  ONP,  and  dcaw 
OQ  perpendicular  to  ^he  axis,  and  produce  b  F,  cutting 
the  ordinates  in  E  and  e.  It  is  plain  that  MN  is  to 
MO  as  the  weight  of  the  arch  HA  i  to  the  thrust  b  c 
which  it  ei^erts  on  the  joint  KL  (this  thrust  being  pro* 
pagated  through  the  course  HILK);  and  that  MQ> 
or  its  equal  b  e^or^  dy  may  represent  the  weight  of  the 
half  AH. 

Let  AB.  be  called  a:,  and  PB  be  called  y.  The^ 
bt^Xy  and  e  C  ^y  (because  £  c  is  in  the  direction  of 
the  element  ^  i).  It  is  also  plain^  that  if  we  mi^ke  y, 
constant,  BC  is  the  second  fluxion  of  oc^  or  BC  =  «» 
and  b  t  and  BE  may  be  considered  as  equal»  and  taken 
indbcriminately  for  x.  We  have  also  6  C  =  Z^*  j^  y*. 
Let  d  be  the  depth  or  thickness  HI  of  the  ardi  stones. 

Then  d  ^  x*  +  y*  will  represent  the  trapezium  HL; 
l^ld  since  the  circumference  of  each  course  increases  in 

the  proportion  of  the  radius  yj  d  y  ^J  x^  ^  y*  wiU  ex- 
press the  whole  course.  If /*  be  taken  to  represent  the 
sum  or  aggregate  of  the  quantities  annexed  to  it,  the 
formula  will  be  analagous  to  the  fluent  of  a  fluxion,  and 

J  ^y  V  **  +  y*  will  represent  the  whole  mass,  and  also 
the  weight  of   the  yaulting,  down  to  the  joint  HI. 

Therefore  we  have  this  proportbn  J  d  y  J  x^  +  y* 

idy  yi»  +  jj*  =  i  c  ;  ft  F,  =  i  e  :  C  G,  =  rd  :  CG, 

dyx^x^  4.  V* 
=  :^:CG.    Therefore  CG  = -^^^-^^^^ ^^^ 


J  dyjx 


x-^y^ 
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If  iht  ewTatuire  of  ihe  dcnke  ht  pnd$t\f  such  as 
puts  ft  ill  equflibHum,  but  #itboat  Mj  mutual  pressure 
in  the  vertical  joists^  this  value  of  CO  mitet  be  equal  t(^ 
CB,  Or  to  m^  the  poiut  G  ednddkig  with  B.     This^ 

condition  will  be  expressed  bjtbeeqoatlon  -■      **       3jL, 

■  '•                            •  .» i'     .     d  V  a/  **  +  V*        * 
=  »,  or,  morfe  contenientlj,  by     ^  ^  ^ ^    =  

But  thb  form  gives  oinlj  a  tottering  equilibrium,  inde^ 
liendeiit  of  the  iriction  of  the  jditits  and  the  ctfhe«ion  of 
the  cement.  An  equHibriura,  aei:ompanied  by  some  firm 
stability,  produced  by  the  mutual  pressure  of  the  verti- 

dv  jJ  i'  +  V* 
caljoints,  may  be  expressed  by  the  formula  —f7—j=s=^ 

_^,  or  by    -yy*' t-y'  gr-f-V-i-.  where  ( is  KHoe 

VsriftUe  potitive  quiuitity,  which  increases  when,  x  in- 
cretwa.  This  lint  equation  iriil  also  express  the  equJ. 
librated  don^,  if  I  be  •  constant  quantity,  because  in  this 


case  —  is  =  o. 


Since  a  firm  stability  requirci  that  /    '^ JL  shall 

be  greater  than  x,  and  CG  niust  be  greater  than  CB : 
Hence  we  learn,  that  figures  of  too  great  curvature, 
whose  sides  descend  loo  rapidly,  are  improper-    Also, 

since  stability  requires  that  we  have    y*v  *   +y 

greater  ih$nj*dyjjri.j^f  we  learn  that  the  upper 
part  of  the  dome  must  not  be  made  very  heavy.    Thb,  by 
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.aimioiahMig  the  proportion  of  i  Foto  &.C,vdteimlhea  the 
angle  chG'Mi^i  may  9tt  the  poittt  &:afcovt  B,>.Whick 
will.  i9faU)Ujr  spring  the  ddae  in  Uuit  plaee^ .  W^  see 
here,  also j  that  the  iJ'g^aic  Apdjais  ei^kres^ea  thatpiftu^- 
liarity  of  dome-Taulting,  that  the  weight  ef  the"*  upper 
part  may  even  be  0tippre«90d.    '        ?      .    : ;  » 

The  fluent  of  the  equation  ^^  v  ^^  +y^  ^^y  i 

is  most  eaiily  found.  It  is  ^fdyjx^  +y^  =  L  «  + 
I«%  where  L  k  the  hyperbolid  legarKhm  oC  the  quaitr 
tUy  annexed  to  it.  If  we  consider'  y  As  c^n^tapt,  and 
f^reet  the.  fluent  so  as  to  make  it  nothing  at  .the  vertex^ 

it  may  be ^eipressed  thus,  !L/  d  y  v  *"  +^*— 1»  c^=  L * 
-  L^  +  L  ^  'fKls  g^es  us-l/<yy*^^y'=tiL.  ri 

knd  therefore  A^^SIE  ^tL 

^  . ..       y 

This  last  equatibh  will  easily  f^v^  ns  {be  d^)ptK  of 
raultidg,^  or  thickness  d<of  the  arch,  VvUen  the  carve  ia 

giten.    J-or  its  fluxion  is  ^Jb/£±l*=lJL+ll, 

•      •  .     ** 

a  t .  X  -+  a  t  X 
and  d  =  ' 7-^^==!=^,  which  is  all  expressed  in  known   . 

quantities;  for  we  may  put  in  place  of  t  any  power  or 
function  of  x  or  of '^,  and  thus  convert  the  expYessionf 
into  anolber;  which  will  still  be  applicable  to  all  sorts  of 

Curves. 

••        • 
■•^  X        t 

Instead  of  the  sec^ond  memt>er h  ^  we  might  em« 

»        t 

p  X 

ploy  -: — ,  where  p  is  Wme  namber  greater  than  unity^ 
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fifiK 


This  will  evideBily.|;iTe  a  dome  having  stabiKty;  be- 
cause  the  original  formula  j .  ,  will  then  (le 

p  U  X  ^"**  j0 

greater  than  «.    This  will  give  d  =-7^t=^=F-    Each 

yy  V  *^  +  y  . 

of  these  forms  has  its  advantages  when  applied  to  par- 

a  X 
licttkir  cases.   Eaeh  of  them  also  gives  d  :ti     \  '  -_       ;^ 

when  the  curvature  is  such  As  is  hi  jR*eci8e  equilibrium. 
And,  lastly,  if  d  be  constant,  that  is,  if  the  vaulting  be 
of  uniform  thickness,  we  obtain  the  form  of  the  fiBrre', 
because  then  the  ^relation  of  a;  to  x  and  to  ^  is  given.  , 
The  chief  use  of  this  analysis  is  to  discover  what 
curves  are  itnproper  for  domes,  or  what  portions  of  given 
curves  may  be  employed  with  safety.  Domes  are  gene- 
ral)y  built  for  o^pament ;  and,  we  see  that  thei^e  is  great 
room  for  indulgfng  our  fancy  in  the  choice.  All  curves 
which  are  coiicave  outwards*  will  give  domes  of  great 
jBrfpness:  They  are  also  beautiful;.  Th^  Gothic  dome, 
y^o^  outline  is  an  undulf  ted  curve,  may  be  made  aboiK 
dantly  ifirm,  especially  if  the  upp^r  part  be  convex  and  the 
lower  concave  outwards.  • 

'  The  thief  difficulty  in  the  case  of  this  analysis  arises 
from  the  necessity  of  expressing  the  weight  of  the  in* 

cumbentpart,  or^  dy  v  «•  +y*.  This  requires  the 
measurement  of  the  conoidal  surface,  which,  in  most 
casesy  can  be  had  only  by  approximation  by  means  of 
infinite  serieses.  We  cannot  expect  that  the  generality 
9f  ^practical  builders  are  familiar  with  this  branch  of  ma- 
tfaenu^tics,  and  therefore  will  not  engage  in  it  here ;  but 
content  ourselves  with  giving  such  instances  as  can  be  un- 
4lerstood  by  snch  as  have  that  moderate  mathematical 
knqwledge  which  every  man  should  possess  who  takes  the 
name  of  engineer. 
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The  wrttce  of  ktif  flttiilaf  pilttlon  (if  d  ijihrtt  is  tery 
easily  had,  being  e^o&t  to  the  circle  described  with  a 
Radius  ecjilal  16  the  chord  of  half  the  arch'.     I'his  radius 

is  evidently  =r  v^  »»  +  v^. 

In  order  to  discover  what  pbirttdn  Of  the  h^mlsplieVe 
may  be  employed  (fbr  it  is  evident  that  we  cannot  em- 
jploy  the  whole)  when  the  thickness  6t  {he  vaulting  ii 
uniform,   we  may  recur  to  the  egimtiodi,  or  forlkMila 

radius  of  the  hemiq>her«.  'Wehsr6»j=; — °^rf..   ,    aAd 

•..     '^*r    .  .  ■     • 

«  =   , ■[  |.  Substituting  these  values  in  the  formula, 

♦re  obtoitt  th*  equkti<«^»  /  a*  J-y^  -f?*J^L^.  ^ 
easily  obtain  the  fluent  pt  the  second  mepiber  =  a^ 

_  a*  y/a*  — ^»,  and^  ==  a  y^ZTi  -f  ^"T;^  TherdfKr* 
if  the  radhls  of  the  sphere  be  1,  the  hiflf  tnheadth  of  titi 

dome  must  not  exceed  ^  —  i  4-  V  l>  ^^  OtTSe,  and  thf 
height  will  be  618.  The  arch  from  the  vertex  is  about 
^P  49^  Much  more  of  the  hemisphere  cannot  standi 
even  though  aided  by  the  cement,  and  by  the  friction  of 
the  coursing  joints.  This  tast  circui^nftned,  b^  givlAg 
connection  to  the  upper  piarts,  ctfuses  this  wftioffe  to  pttAh 
more  verticaHy  on  the  course  below,  aild  thus  dSfttiRishe^ 
the  outward  tlihist ;  but  it  at  the  satbe  time  (hhilnisti^ 
the  mutual  abutment  of  the  vertical  jt(ints,  w'hfdh  is  A 
great  cause  of  firmness  iti  the  vbUltidg.  A  GbtCiie  dbme, 
of  which  the  upper  part  is  a  portion  of  a  sphere  hot  e±^ 
deeding  45"^  from  the  vertex,  and  tbe  lower  pttrt  19 
concave  outwards,  will  be  tery  ^strotig,  aUd  not  un- 
graceful, i. 
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SlO;  Biit  the  pabiic  taste  has  long  rejected  this  fornix 
«iid  seeins  rather  to^  select  mcfre  elevated  domes  than  thiff 
portion  of  si  sphereV'becauscf  d  dome,  when  seen  from  a 
small  distance,  att^ays  appears  flatter  than  it  really  ?9, 
The  dome  oTSt  PeterV  is  nearly  an  elHpsoid  externally, 
of  whi^jfe  the  lon^t*  ixis  i^  perpendicular  to  the  horizon. 
It  is  vciry  In^^eniously  coitstructiMf.  It  springs  from  the 
bii^  perpendi(*illarly)  and  is  vety  thick  in  this  part.  After 
ti^g  about  50  fe^t,  the  raulting  separactes  iii(6  two  thirt 
talihings,  which  gradually  separate  from  each  other. 
TlMfse  twd  shells  dre  connected  together  by  thin  partitions^ 
whfich  are  very  artificialiy  dovetailed  in  both,  and  thus 
form  a  covering  which  is  extremely  sti^ji  While  it  is  rerf 
light,  its  great  stiffVies^  wa^  necessary  for  enabling  the 
crown  of  the  dome  to  carry  the  elegant  stone  lantheril  * 
with  safety.  It  is  a  wonderful  performance,  and  has  not 
its  equal  in  the  world  ;-  but  it  is  an  enormous  load  in 
comparison  with  the  dome  of  St  PauPs,  and  this  even  in* 
dependent  of  the  difference  of  ^ize.  If  they  were  of 
^qual  dimensions,  it  would  be  at  least  five  times  as  heavy, 
and  is  not  so  firm  by  its  gravity ;  bui.as  it  is  connected 
in  every  part  by  iron  bars  (lodged  in  the  solid  masonry, 
and  well  secured  ffom  the  weather  by  having  lead  melted 
all  round  them),  it  bids  fair  to  last  for  ages,  if  the  foun- 
dations do  not  fail. 

If  a  circle  be  described  round  a  centre  placed  anywhere 
in  the  transverse  axis  AC  (Fig.  18.  No.  1.)  of  an  ellipse, 
so  as  16  touch  the  ellf^ise  in  the  extremities  B,  ft,  of  an 
Ofdinate,  it  will  touch  it  ibternaiiy,  and  the  circular  arch 
Bab  will  be  #hplly  within  the  elliptical  arch  B  A  &« 
Therefbre,  if  an  elliptical  and  a  spherical  vaulting  spring 
from  the  tofne  base,  at  the  same  angle  with  the  horizon, 
the  spherictil  vaulting  will  be  within  thd  elliptical,  will  be 
flatter  and  lighter,  and  therefore  the  weight  of  the  next 
course  below  will  bear  a  greater  proportion  to  the  thrust 
in  the  direction  of  the  curve ;  consequently  the  spherical 
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▼atthkig  will  kave  more,  stability.  On  Ibe  contcarj,  and 
for  similar  reasons,  an  oblate  elUpiical  vaulting  is  |Nnefedr* 
able  to  a  spheMcal  vaultiBg  spriiigiflg  with  the  same  iii«li<- 
nation  to  the  horizon.    (See  Fig*  18.  No.  2.) 

611.  Persniadedy  that  what  hgs  been  said  on  the  subject 
convinces  the  reader  tibat  a  rauliing  perfectly  equilibra- 
ted throughont  is  by  no  means  the  best  forrn^  provi^od 
that  the  base  is  secured  from  separating,  we  think  k  ha- 
Mcesaary  to  give  the  investigation  of  that  form^  wUch 
has  a  considerable  intricacy ;  aad  shall  cMlentoorselve^ 
with  merely  stating  its  dlmensiona.  The  thickness  is  map- 
posed  uniform.  The  numbers  in  the  first  column  of  the 
table  express  the  portion  of  the  a:tis  eoipted  from  the 
vertex,  and  those  of  the  secMd  cohimn  are  the  leagtba  of 
the  ordihates. 


AD 

DB 

Ab 

DB  1  AD 

Db 

0,* 

100 

610,4 

1080 

2990 

1560 

8,4 

200 

744 

,  1140 

3442 

>600 

11,* 

800 

904 

'laoo 

8972 

.1640 

26,6 

400 

1100 

1260 

4432 

1670 

52,4 

500 

1336 

1320 

4952 

1700 

91,4 

600 

1522 

1360 

5836 

1720 

146,8 

700 

1788 

1400 

5756 

1740 

223,4 

800 

1984 

1440 

6214 

1760 

326,6 

900 

2270 

1480 

6714 

1780 

465,4 

1000 

2602 

1520 

7260 

1800 

The  cnrve  delineated  in  Fig.  19.  is  formed  according  M 
tliese  dimensions,  and  appears  destitute  of  graceftdaesa) 
because  its  curvature  changes  abruptly  at  a  little  distance 
fi'om  the  vertex,  so  that  it  has  some  appearance  of  being 
made  up  of  different  curves  pieced  tog^her.  But  if  the 
middle  ba  Occupied  by  a  lanthern  of  equal,  or  of  smaller 
weight,  this  defect  will  cease,  ind  the  whole  will  be  de^ 
gant,  nearly  resembling  the  exterior  dome  of  St  Paura  ia 
London. 

£12.  Itb  not  a  small  advantage  of  dome« vaulting  thai 
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i9)4^alvai)r^  hav«  a  ptea^ing  effi^.  It^s^  40rii^  n^Mt 
'§rmf^l^S  fpim  th^  )l?%d»  qf  s^aU  piMik  Qi^  ft«Hipi  Ikf 
wffwf^,  9f  rfcim  f^f  aff)r  iMj^go^a)  sbapt;  f#d  lh»  archw 
farq^  by  jt^  m|er8fifctio<|ft  with  4^e  walta  afe  alu <iy«  citf- 
e^iar  fiad  graceful  formii^  v^jf  )vao<Uam  spindrblii  in 
every  fmUHNi,  F^  tbe9e  itasoas^  ^ir  Ciiriitoplier  Wren 
employ^  it  in  aU  hk  Yftultiocsi  aad  hit  Jbas  exfaibittd 
many,  beautiful  yarletiM  ia  (ha^ansetils  aad  Ike  aiaiet  of 
St  PauTs,  which  are  highly  worthy  of  Ibc.aliisfartatkm  of 
architects.  Nothing  can  be  more  graceful  than  the  vault- 
ings at  the  ends  of  the  north  and  south  Ci^ansepts,  espe- 
cially afl  fiatahed  off  in  the  fiaeiaatdc  Tiew  published  by 
<}wyaii  and  Wale; 

613.  We  conclude  this  Article  with  observing,  that  th'e 
connection  of  the  parts,  arising  from  cement  and  from 
friction,  has  a  great  efTect  on  dome-vaulting.  In  the 
same  way  as  in  common  arches  and  cylindrical  vaulting, 
it  enables  an  overload  6n  one  place  to  break  the  dome 
in  a  distant  place.  But  the  resistance  to  this  effect  is 
much  greater  in  dome-,vaulting,  because  it  operates  all 
round  the  overloaded  part.  Hence  it  happens  that  domes 
are  much  less  shattered  by  partial  violence,  such  as  Ihe 
falling  of  a  bomb  or  the  like.  Large  holes  may  be  broken 
in  them  without  inuch  affecting  the  rest;  but,  on  th^ 
^  other  hand,  it  greatly  diminishes  the  strength  which 
should  be  derived  from  the  mutual  pressure  in  the  vesi- 
cal joints.    Friction  prevents  the  sliding  in  of  the  arch 
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atones  which  {irodiices  this  mutual  pressure  in  ^the  verf£- 
td  joiniti^  e&cept  in  the  verj  higl^  courses,'  and  even 
Ah^re  it  greatly  ■  diminishes  it.     These  causes  make    a 
grealt^  d»ange  in    the  form    which   gives   the    gi^atest 
strength;  atid-  as'  their  laws  of  action  are  still  but  very- 
imperfectly-  understood,    it  is    perhaps    impossible,    in 
the  present  state  of  our  knowledge,  to   determine  this 
form  with  tolerable  precision.    We  see  plainly,  however, 
that  it  allovrs  a  greater  deviation  from  the  best  form  than 
the  bther  kitid  of  vaulting,  and  domes  may  be  mad^  to 
rise  perpendicular  to  the  horizon  at  the  base,  although  of 
no  great  thickness ;  a  thing  which  must  not  be  attempted 
-in  a  plane  arch.     The  immense  addition  of  strength 
which  may  be  derived  from  hooping,  largely  compensates 
for  all  d^i^ts ;  and  there  is  hardly  any  bounds  to  the  ex- 
tent to  whici  a  very  thin  dome  vaulting  may  be  carried, 
when  it  is  hooped  or  framed  in  the  direction  of  the 
horizontal  courses.  ^  < 


*  Foe  fnU  deicripUoiis  and  drawings  of  the  principal  ardies  which  have 
been  made  of  cast  iron,  and  for  a  New  Tlieory  of  Arches,  the  KOde;:  is 
nfiirred  to  the  EDiMBvaeHEiicYCiop^DUj  Art.  Bridob.    Ed.  . 
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or 


CENTRES  FOR  BRIDGES* 

814.  C!bntkr»  or  Centrc,  is  a  word  borrowed  from  tht 
French  name  ceirUre  or  cintrCf  given  to  the  frame  of  tim-* 
ber  bj  which  the  brick  or  stone  of  arched  vaoiting  is  sup- 
ported during  its  erection^  and  from  which  it  receives  its 
form  and  curvature. 

615.  It  is  not  our  intention  to  describe  the  ywcietf 
of  constructions  which  may:  be.  adopted  in  situations^* 
where  the  arches  are  of  small  extent,  and  where  suffi-* 
cient  foundation  can  be  had  in,  ev^ry  part  of  it  for  sup* 
porting  the  frame.  In  such  cases,  the  frequedcy-  of  the 
props  which  we  can  set  up  dispenses  with. much  oare; 
and  a  frame  of  very  slight  timbers;  connected  tbgether 
in  an  ordinary  way,  will  suffice,  for  carfytog  the  weight, 
and  for  keeping  it  in  exact  shape.  But  w!hen  the  archea 
have  a  wide  span,  and  consequently  a  very  great  weighty 
and  when  we  cannot  set  up  intermediate  pillars,  either 
for  want  of  a  foundation  in  the  soft  bottom  of  a  river^ 
or  because  the  arch  is  turned  between  two  lofty  piers, 
as  in  the  dome  of  a  stately  cathedral— we  are  then  obli- 
ged to  rest  every  thing  on  the  piers  the^nselves ;  and  the 
framing  which  is  to  support  our  arch  before  the  keystone 
is  set,  must  itself  be  i^n  arch,  depending  on  the  mutual 
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abutment  of  its  beams.  One  should  think  that  this  viei^ 
of  the  construction  of  a  centre,  naturally  derived  from  the 
erection  it  was  to  assist,  would  have  been  suggested  by  the 
slightest  consideration :  but  it  has  not  been  so.  When 
intermediate  pillars  were  not  employed,  it  was  usual  to 
frame  the  ipould  for  the  arch  with  little  attention  to  any 
thing  but  its  sfiltpe,  and  tlitti  to  cross  it  «ind  recross  it  in 
all  directions  with  other  pieces  of  timber,  till  it  was 
thought  so  bound  together  that  it  pould  be  lifted  in  any 
position,  and,  when  loaded  with  any  weight,  could  not 
change  its  $hape,  The  frame  was  then  raised  in  a  lump, 
like  any  ^oliil  bqdy  of  the  9»nie  ahape,  aad  s^  in  its  place. 
This  is  the  way  still  practised  by  many  country  artists, 
who,  having  po  clear  principles  to  guide  them,  do  not  stop 
till  tliey  bl^ve  tnadfe  h  load,  of  ti«db«r  almost  equal  to  the 
iraght  which  it  is  to  carry. 

But  this  iHTtif sti  f&ethod,  besides  leading  the  enpldyef 
into  jgresi  expence,  is  frequently  fatal  to  the  undeitaker, 
from  the  unskilfulness  of  the  construction.  The  beanm 
which  conaect  its  extremities  are  made  also  to  sup^idrt 
the  middle  fay  mamns  of  posts  which  rest  on  them.  They 
at^  therefisre  exposed  to  a  traftsvene  or  eroas  strain, 
which  they  are  sot  abte  to  bmir.  Their  fiuttiber  mmt 
therdSsre  be  increased,  and  this  increases  the  load.  Sdme 
of  these  cross  strains  are  derived  from  beams  whidt  are 
pressed  yery  obliquely,  an4  therefore  e^ert  a  ^i»digiotti 
thrust  xm  their  safsportb.  Thpe  beam^  are  ulso  gr^iitly 
weakened  by  Che  mortises  which  are  cut  in  thetA  to  r^ 
ceive  the  tetoofm  of  the  mossing  beams :  BttA  tltftis  the 
whole  ia  exceediiigly  wedc^  eotnpared  with  whalt  H  tnighi 
have  been,  by  a  propo'  disposition  of  the  same  quantity 
of  timber. 

<16.  The  prkidplea  from  which  we  are  to  derive  this 
di^osition  are  the  general  mechanical  principles  of 
carpentry,  of  which  we  have  given  already  some  ae* 
lx>u&fl.     Thew  fumlsli  one  general   rale :    When   we 
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wmiM  give  th^  atmost  ttrength  poMiWe  to  e  frame  of 
carpentrj,  every  piece  should  be  bo  dii^iosed  that  it  U 
subject  to  no  strain  but  what  either  pushes  or  draws  it  in 
tbe  directioB  of  its  length;  and,  tf  we  wottld  be  indebted 
to  timber  alone  for  the  force  or  strength  of  the  centre,  we 
must  rest  aH  on  the  first  of  these  strains ;  for  when  the 
straining  force  tends  to  draw  a  beam  out  of  its  place,  it 
mast  be  heU  there  by  a  mortise  and  tenon,  which  possesses 
but  a  rery  trifling  force,  or  by  iron  straps  and  bolts. 
Cases  occur  where  H  itiay  be  very  difficult  to  make  every 
strain  a  thrust,  and  the  best  artists  a^mit  of  ties ;  and  in- 
deed where  we  can  admit  a  tie-beam  connecting  the  two 
fcet  of  our  frame,  we  need  seek  no  better  security.  But 
this  may  aometanes  be  rery  ioconreniant.  When  it  is 
the  arch  of  a  bridge  that  we  are  to  support,  such  a  tie- 
beam  would  totally  stop  the  passage  of  small  craft  up  and 
down  the  rirer.  It  would  often  be  in  tbe  water,  and 
thus  exposed  to  the  most  fatal  accidents  by  freshes,  drc 
Interrupted  ties,  therefore,  must  be  employed,  whose 
joint  or  meetbgs  must  be  supported  by  something  analo- 
gous  to  the  king-posts  of  roofs.  When  this  is  Judidoosly 
done,  the  security  is  abundantly  good.  But  great  judge- 
ment is  necessary,  and  a  very  scrupulouB  attention  to  the 
disposition  of  the  pieces.  It  is  by  no  means  an  easy  mat- 
tor  to  discern  whether  a  beam,  which  makes  a  part  of  our 
centre,  is  in  a  stote  of  compression  or  in  a  stete  of  exten- 
sion. In  some  works  of  the  most  emtaent  carpenters 
even  of  this  day,  we  see  pieces  considered  as  ttfuts  (an4 
consideraUe  dependence  had  on  them,  in  this  capacity), 
wMle  diey  are  certoinly  performing  the  office  of  tie^^ 
beams,  and  should  be  secured  aocordkigly.  This  was  the 
oaae  in  the  boldest  centre,  we  think,  that  has  been  exe- 
cuted in  Europe,  that  of  the  bridge  of  Oi4eon9,  by  Mr 
Hupeau.  Yet  it  is  evidently  of  great  consequence  not  to 
be  miaUken  m  this  point ;  for  when  we  are  mistaken,  and 
the  piece  is  stretehed  which  we  imagine  to.  be  compressed^ 
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tre  Dot  only  are  deprived  of  some  support  that  we  ezf» 
p6cted,  but  th^  49xpected  suj^port  has  become  an  addi- 
tional load. 

617.  To  ascertain  this  point,  we  may  suppose  the  piers 
to  yield  a  little  to  the  pressure  of  the  archstones  on  the 
centre  frames.  Thefeetj  therefore,  fly  outwards,  and  the- 
shape  is  altered  by  the  sinking  of  the  crown.  We  must 
draw  our  frame  anew  for  this  new  state  of  things,  and 
uiust  notice  what  pieces  must 'be  made  longer  than  be- 
fore. All  3uch  |>ieces  haye  been,  acting  the  part  of  tie- 
beaitis. 

But  a  centre  has  still  another  office  to  sustain ;  it  must 
keep  the  arch  in  its  form ;  that  is,  while  the  load  on  the 
centre  is  continually  increasing,  as  the  masons  lay  on 
more  courses  of  archstones,  the  frame  must  not  yield  and 
go  out  of  shape,  sinking  under  the  weight  on  the  haunches, 
and  rising  in  the  crown,  which  is  ,not  yet  carrying  anj 
load.  The  frame  must  not  be  supple  ;  and  must  derive 
its  stiffness,  not  from  the  closeness  and  strength  of  its 
joints,  which  are  quite  insignificant  when  set  in  competi^ 
tion  with  such  immense  strains,  but  from  struts  or  ties, 
properly  disposed?  which  hinder  any  of  the  angles  from 
^hanging  its  amplitude. 

618.  It  is  obvious,  from  all  that  has  been  said,  that  the 
strength  and  stiffness  of  the  whole  must  be  found  in  the 
triangles  into  which  this  frame  of  carpentry  may  he  re-> 
solved.  W^  have  seen  that  the  strains  which  one  piece 
produces  qn  two  others  with  which  it  meets  in  one  ptint, 
depends  on  tl^e  angles  of  their  intersection ;  and  that  it 
is  greater  as  an  obtuse  angle  is  pfiore  obtuse,  or  kn  acute 
angle  morp  acute.  And  this  suggests  to  us.  the  .general 
maxim,  >'  to  avoid  as  much  a$  possible  all  very  obtuse 
angles,*"*  Acute  angles,  which  ai>e  not  necessarily  acicom-> 
panied  by  obtuse  ones,  are  not  so  burtfyl;  because  the 
$train  here  can  never  exceed  the  straining  force  >  wfaerei^Sy 
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ki^tbeica^^  of  an  qbtpte  'aiigle,  it  ma^r  surpass  it  In  angr 

.Such  «re  Uie  general  rnles  on  this  subject.  Although, 
aometfaiiig  of  :the  loatual  abutment  of  timbcrd,  and  the 
•uppott  derived  from  iiy  has  been  long  perceived,  and  em^ 
plojred  by  the  earpenlera  in  roofing,  and  also,  doubtless, 
in  the  forming  of  centres,  yet  it  is  a  matter  of  historical 
fact,  that  no  general. and  distinct  views  had  been  taken  of 
it  till  about. thb  beginning  of  this  century,  or  a  little  ear* 
lier. .  Fontana  baa  preserved  the  figure  of  the  frahies  on 
-which  the  arches:  of  St  Peter'^s  at  Borae  were  turned. 
The  one  employed  for  the  dome  is  constructed  with  very 
little  skill ;  and  those  for  the  arches  of  the  nave  and 
transepts,  though  incomparably  superior,  bnd  of  consider- 
able simplicity  and  strength,  are  yet  far  inferior  to  other) 
which  have  b^en.  employed  in  later  times.  It  is  much 
to  be  regretted,  that  no  trace  remains  of  the  forms,  enw 
ployed  by  the  great  architect  and  .consummate  mecha- 
nician Sic  Christopher  Wren.  We  should  douhtlesa  have 
seen  in  them  every  thing  that  science  and  great  aagacitjr 
could  suggest.  We  are  fold,  indeed,  that  his  centering 
for  the- dome  of; St  PaiilVwas  a  wonder  of  its  kind;  be- 
gin^ in  the  air  at  the  height  of  160  feet  from  the  ground, 
and  without  making  usir  of  even  a  projecting  .cornicbe 
whereon  lo  rest  it.    .. 

619.  The  eiarliest  theory  of  the  kind  that  we  have  met 
wieh^  that  if -proposed  jon  scientific  principles,  and  with 
theexpoessi  pu^poa^  of  serving  as  a  lesson,  ar6  two  centres 
hf  .M<  Pit^.  about  the  beginning  of  this  century*  Aa 
thcQr  haFQcpnsidemble  n^erit  (greatly  resembliog  those 
emptoyiedby  Miph^l  Angelo  in  the  taave  of  St  Peter^s)^ 
and  afford  aOme  good  ma;(iflQLs,  we'  shall  give  a  short  ati- 
count  of  them*    i      ^ 

What,  we  .sb^l  describe  .under  the  name,  of  a  caUre  i^ 
4)roperly  ipeal^ing,  only  one  frame,  tmss,  or  rib,  of  a 
•peptre.     They  aTea^t  up  in  vertical  planes>  parallel  tf 
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each  other»  at  the  distance  of  6,  6,  7,  or  8  feet^  itiB  the 
trusses  or  main  couples  of  a  roof.  Bridging  joists  ajre 
laid  across  them.-^In  smaller  works  these  are  laid  qia- 
ringlj,  but  of  considerable  scantling,  and  are  boarded 
over ;  but  for  great  archea,  a  bridging  joist  is  laid  for 
erery  course  of  arch  atones,  with  blackings  between  to 
keep  them  at  tbeir  proper  distances.  The  stones  are 
not  laid  immediately  on  these  joists,  but  beams  of  soft 
wood  are  laid  along  each  joist,  on  which  the  stone  is 
laid.  These  beams  are  afterwards  cut  out  with  the  chis- 
sei,  in  order  to  separate  the  centre  from  the  ring  of 
tftones,  which  must  now  support  each  other  by  their  mu- 
tual abutment 

680.  The  centre  is  distinguishable  into  two  parts,  ALLB 
(PI.  XI.  Fig.  1.)  and  LDL^  which  are  pretty  independent 
of  eaeh  other,  or  at  least  act  s^arately.  The  horiaontal 
SravTcnER  ^LL  cuts  the  semicircle  ADB  half  way  be* 
tween  the  spring  and  the  crown  of  the  arch  ;  the  arches 
AL,  LD,  being  46^  each.  This  stretcher  is  divided  in 
^  same  pn^ortion  in  the  points  G  and  H;  1,hat  is, 
CrH  is  one  half  of  LL,  and  L6,  HL,  are  each  one- 
fourth  of  LL  nearly.  Each  end  is  supported  by  two 
Struts  EI,  GI,  whfarh  rest  below  on  a  Sols  or  Bed  pro- 
perty supported.  The  int^val  between  the  beads  of  th« 
struts  GI,  HK,  is  filled  up  by  the  Strainino  BbaiI 
6H,  d^utting  in  a  proper  manner  on  the  struts  (see 
CARnNTRY.  The  extremities  L,  L,  are  united  in  like 
manner  by  butting  joints,  with  the  heads  of  the  outer 
struts.  The  Arch  Moulds  AF,  BP,  are  connected  with 
the  struts  by  cross  pieces  PQ,  which  we  diall  call  Bsidlss, 
which  come  inwards  on  each  side  of  the  struts,  being 
double,  and  are  bolted  to  them.  This  may  be  called  the 
lower  part  of  the  frame.  The  upper  part  consists  of  the 
]ring-post  DR,  supported  on  each  side  by  the  two  struts 
orliraces  ML,  ON,  mortised  into  the  post,  and  also  mor- 
^^  into  the  stretcher^  at  the  paints  h,  N,  where  ii  it 
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Mipportd)  by  the  strats  heloW.  The  arches  LD«  LD,  ai« 
connectlsd  with  the  «tt-ists  bjr  Ihe  hrMles  P^  Q«  In  the  iftite 
Itoanntr  as  belotw. 

'  1121.  There  it  %  ^al  )iraprie(f  in  mmijr  parts  ef  tiihr 
arrmngerarat.  The  lower  parts  or  haundiet  of  the  arch 
pms  recj  ligbtljr  on  the  centrto.  Each  afchstone  is  ly«* 
ing  OB  »i  inclined  plane,  Imd  "tenib  to  slide  down  only 
with  its  neistire  WergliC;  that  is,  its  weight  i^  to  its  ten- 
dnicy  to  sHde  doHen  th0  joint  as  radios  is  to  the  sineof  efo« 
Tation  of  the  joint.  Notr  ift^'ifl  only  by  this  tendeioey  to 
slide  idourn  the  joint  that  they  pioss  on  the  "centerings 
which  in  etery  part  of  the  arch  is  petpendicukr  to  tiio 
joint :  But  the  pressure  on  the  Juint,  arising  bom  this 
eause,  is  mooh  lew  than  this,  by  reaaea  of  the  friction  of 
the  jooits.  A  block  of  irj  fi«estone  wiU  not  slide  daym 
at  all ;  and  tiierefpre  will  not  press  on  the  centering,  if 
the  joint  bo  not  elevated  35  degrees  kit  least  Bat  the 
Archstones  are  net  laid  in  thb  manner,  fay  diding  them 
down  aldng  the  joiot,  bat  are  kid  on  the  bentres,  and 
iKde  doiYfi  Mstir  siepe,  till  tbey  tooob  tbe  blacicB  on 
which  they  ire  ip  rHt;  so  that,  in  laying  the  areh^ 
stones,  we  ate  by  no  an»ans  aUowed  to  «ake  (Sie  greait 
deduotJOii  ttdta  their  weight  just  now  inenlSoned,  and 
which  Mr  Coopfet  prescribes  {iimk.  Acad.  Par.  17S9>. 
Bat  there  |b  another  eause  wbicb  diniaidKs  the  pressiira 
eo  tbe  centres ;  eech  block  sides  down  the  plaahs  on 
Irhich  it  is  laidi  oHd  presses  on  the  Mock  below  it,  in  the 
direction  of  the  tangent  to  the  anch.  This  pressore  is 
transmitted  through  this  block,  in  the  same  direction,  to 
the  next,  and  through  it  to  the  third,  fce.  lo  this  man* 
ner,  it  is  plain,  that,  as  the  arch  advances,  there  is  m  tai|* 
f^ential  pressiireonthe  lower  arcfastottea,  which  diminidiea 
their  pressore  on  the  fraoie^  and,  if  soffioently  great,  might 
t^ven  push  them  away  from  it.  Mr  Coilpiet  has  given  an 
imalysiB  of  this  pnessnre,  and  shews^  that  in  a  semidrcatar 
f^ch  of  uniform  thickness^  none  of  tbe  arch  stones  hAqv( 
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30^  presi  on  the  frames.    But  he,  without,  sajing  so,  cal- 
culates on  the.  supposition  that  the  blocks  descend  alon^ 
the  circumference  of  this  frame  in  the  same  manner  as  i£ 
it  were  perfectly  smooth.     As  this  is  far  from  being  the 
case,  and  as  the  obstructions  are  to  the  last  degree  vari- 
eus  and  irregular,  it  is  quite  useless  to  institute  any  caK 
culation  on  the  subject.     A  little  reflection  will  convince 
the  reader,  that  in  this  case  the  obrtruction  arising  from 
friction  must  be  taken  into  account,  and  that  it  must  not 
be  taken  into  account  in  estimating  the  pressure  of  each 
successive  course  of  stones  as  they  are  laid.    It  is  enough 
that  we  see  that  the  pressure  of  the  lower  courses  of  arch« 
itones  on  the  frame  Is  diminished.     Mr  Couplet  says, 
that  the  whole  pressure  of  ia  semicircular  arch  is  but  |thft 
of  its  weight;  but  it  is  much  greater,  for  the  reason  just 
now  given. 

.  62S.  We  have  tried,  with  a  well  made  wooden  naodel 
(of  which  the  circumference  was  rubbed  with  black  lead 
to  render  it  more,  slippery),  whether  any  part  of  the 
wooden  blocks  representing  die  archstones  were  detadied 
from  the  frame  by  the.tai&gential  pressure  of  the  superior 
blocks ;  but  we  could  not  say  confidently  that  any  were 
so  detached.  We  perceived  that*  all  kept  hold  of  a  thin 
slip  of  Chinese  paper  (also  rubbed  with  bbek  lead)  be- 
tween them  and  the  frame,  so  that  a  sensible  force  was 
required  to  pull  it  out  .  From  a  combination  of  circum- 
stances, which  would  be  tedious  to  relate,  we  believe  that 
the  centres  carry  more  than  two-thirds  of  the  weight  df 
the  arch  before  the  keystone  is  set.  In  elliptical  and 
lower  pitched  circular :  arches,  th^  proportion  is  still 
greater. 

•  It  seems  reasonable:  enough,  therefore,  to  dispose  the 
framing  in  the  manner  proposed  by  Pitot,  directing  the 
main  support  to  the  upper  mass  of  the  arch,  which  presses 
most  on  the  frame.    We  shall  derive  another 'advantage 


Digitized  by  VjOOQIC 


tlSKTllES  i^oit  brMgssl  669 

fh$m  thb  cOilBtrablioO)  which  has  not  occurred  to  Mr 
Pitot. 

There  is  ah  evident  propriety  in  themanner  in  which 
he  has  di«ttibut6d  the  supports^' of  the  upper  part  The 
itrdts  which  parrj  the  king-post 'spring  from  those  points 
of  the  fitreteher  wber^'it  rests  on  the  stmts  below :  Ihut 
the  stretcher,  «n. which  all  depends,  bears  no  transverse 
atrains.  It  i«  stretched  by  the  strut  above  it,  and  it  is 
compressed  in  a  -amalf  degree  between  the  struts  below 
it^  at  least  bj  the  outer  ones.  Mr  Pitot  proposes  tfa^ 
straining  beam  GH  as  a  laterat  support  tortile  stretcher, 
which  may  tberefote  be  of  two' pieces:  but  atfhough  it 
doe^  augment  its  strength,  it  does  not  seem  tieeessary  for 
it.  The  stretcher  is  abundantly  carried  fay  the  straps 
which  may  and  should  suspend  it  from  the  lcing*post* 
The  great  use  of  the  straining  piece  is  to  give  a  firm  abut* 
ment  to  the  inner  struts,  without  allowing  any  lateral 
strain  on  the  stretcher.  N.  B.  Great  care-mustbe^akeii 
to  make  the  lold   sufficiently  firm  and  extensive  be^ 

,  tween  the  stretcher  and  the  upper  struts,  so  that  its  eoh€^ 
aiota  to  resist  the  thrusts  from  these  struts  may  be  much 
employed.  » 

The  only  imperfection  that  we  find  in  this  frame  is  the 
lateral  strains  which  are  brought  upo^  the  upper  struts 

.  by  the  bridles,  which  certainly  transmit  to  them  part  of 
the  weight  of  the  archstones  on  the  curves.  The  space 
between  the  curves  and  ML  should  also  have  l)een  trussed. 
Mr  Pitofs  form  is,  however,  extremely  stiff;  and  the 
causing  the  middle  bridle  to  reach  down  to  the  stretcher, 
seems  to  secure  the  upper  struts  from  all  risic  of  bend<- 

This  centre  gives  a  very  distinct  view  of  the  offices  of 
all  the  parts,  and  makes  therefore  a '  proper  introduc- 
tion to  the  general  subject.  It  is  the  simplest  that  can 
be  in  its  principle,  because  all  the  essential  parts  are  sub- 
jected to  one  kind  of  strain.    The  stretcher  LL  is  the 
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^nly  exemption*  and  its  ^t^^ftlw  w  riibw  ^^Itateral  m^ 
cumstance  than  a  step  in  the  general  support 

6S3.  Tlw  ^xamuia^ipi^  of  the  stiengtli  qf  t]|0  fr^me  is 
f xtremflx  e^y.  Mr  Pitot  giy^a  it  for  «a  4^^  of  60  f^% 
9pm,  8»d  supposes  t^^  ^fti^toa^s  7  fbeV  Iwgi  wticb  is  « 
md^strottS  tbicki^ss  iEbr  sfn  iimII  aa  ^«h  sl  4  feet  is  ii(9 
fthmitot  aUowance,  hut  we  abdll  al^id^  l»y  hisconstra^tiol^ 
He  gives  khe  following  s^^tUqgi  ^  the  parts :      . 

The  riQg  or  eiFcun^feren^  eo|^|i(s  of  pie^ee  of  iiak  19 
Inches  hvfM  and  3  tUck. 

The  stretcher  LL  is  1?  Miches  square. 

The  dtrsining  piece  GH  i^  abo  12  by  13. 

The  lower  struts  10  by  9.      , 

Thekijig.postj9byl8. 

The  ut^per  struts  10  by  6* 

Thebn41ep20by& 

These  dinaensioQs  are  French,  which  is  about  j\ih 
larger  tbw  ours^  und  the  superficial  dimensions  (by  whicji 
the  section  and  the  ebsolute  strength  is  mees^pred)  ^  aW 
4nost  ith  laiiger  than  ours.  The  cubic  foot,  by  which  the 
stones  are  measured)  exc^edf  ours  nearly  ^Ui.  The  pound 
is  deficient  about  t^th.  But  since  very  nice  calculation  is 
neither  easy  nor  necessary  on  this  subject,  it  U  needless  to 
.depart  from  the  French  medsures,  which  would  occasion 
many  fractional  parts  and  a  troublesome  reduction. 

The  arch  is  supposed  to  be  built  of  stone  which  weighed 
160  pounds  per  foot  Mr  Pitoty  by  a  computation  (in 
which  he  has  committed  a  mistake),  says,  that  only  ^Jths 
of  thia  weight  is  carried  by  <he  frame.  We  believe,  how- 
.ever,  that  this  is  nearer  the  truth  than  Mr  Coyplet^s  as- 
sumption of  Jths,  already  mentioned. 

Mr  Pitot  farther  assumes,  that  a  square  inch  of  sound 
oak  will  carry  8640  pounds.  By  his  language  we  should 
imagine  that  it  will  not  carry  much  more  :  but  this  is  very 
far  below  the  strength  of  any  British  oak  that  we  have 
tried;  so  far^  indeed^  that  we  rather  imagine  that  he 
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litesM  that  tbki  iMd  imj  he  laid  ofti  it  witk  peifrel  stoiu* 
ritj  for  attj  time.  But  to  MmpeiMte  for  knots  and  othc^ 
aecidental  imperfect ion^  he  asswnes  7800  te  the  measure 
of  its  sbaoliite  force. 

Ho  comptttes  the  load  on  eadi  inm&  to  be  767690 
pounds,  which  ho  reduces  to  H^b^^  ^^  65M0S  pouDds. 

The  absolute  force  of  each  df  the  bwor  stmts  is 
57M0O  (4t  7B0O  per  indk),  and  that  of  Uie  curves 
518400*  Mr  Pttot,  consideriag  tha(t  the  cmres  atekefit 
from  bendihg  outWanAi  hj  the  arch  stones  which  press  on 
then,  thinks  thait  they  may  be  considered  as  acting  pre» 
tAa^  as.  the  ottter  sruts  £1.  We  have  no  objetHson  to 
this  suppositkuDL 

<i84.  With  these  data  we  maj  compute  the  UMid;  which 
Ike  k>wer  tnus  can  safely  bear  by  the  rule  delivered  ia 
onr  treatise  on  CARpaniinT.  We  therefore  proceed  as  fbU 
lows: 

Measure  off  by  a  scale  of  equal  parts  a  s,  a  f,  each 
£76000,  and  add  ^  «  5ia40O,  Complete  the  paraUeki* 
gram  a  o  jc  s,  and  draw  the  vertical  x  c,  meeting  the  ht> 
rlzontal  line  aC  in  c.  Make  e  b  equal  to  c  &  Join  x  b, 
and  cimiplete  the  parallelogram  ax  by.  It  is  evident 
that  the  diagonal  a;  y  will  represent  the  load  which  these 
pieces  can  carry  ;  for  the  lin^  a  v  is  the  united  fevoe  of 
the  curve  AP  and  the  strut  IE,  and  o  s  is  the  strength 
of  IG.'  These  two  are  equivalent  to  a  «  ;  xbisj  in  tike 
manner,  equivalent  to  the  support  on  the  other  side,  and 
«  y  is  the  load  which  wiH  just  balance  the  two  supports 
a  X  and  b  x. 

When»jris  measured  on  the  same  scale,  it  will  be 
found  =  88500(H>  pounds.  This  is  more  than  five  times 
the  load  which  actually  lies  on  the  frame.  It  is  there* 
fore  vastly  stronger  than  is  necessary.  Half  of  each  of 
the  linear  dimensions  would  have  been  quite  sufficient, 
«nd  the  struts  needed  only  to  be  6  inches  by  4.    Bveit 
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ihU^  ^ottldliave  cainied  twice  .tb«  w^IgMj:  And:  would 
haVJe  borae  the  load  9ia\fy  l$Lid  on  ittv^ith  petfect  ssflelf.' 
::  We  proe^eil  to  mieasur^  the  «ir^Dgth  ibfi  tliexipperpart: 
The  force  of  each  strut  is  432000,  and  that  of  ttie  ctirre 
is  518400;  tkercfor^,  ilamng  Aovin  U  9  puMel  tricbe 
strut  ON,  mrfte  M  «  ^  432000;  «WiMi«=  482000  +^ 
5184aa  eonfpktd  tbej^araneiogrnik  'Mia>rtyi  ^Braw 
the  horisotitdMilkeVM  cutting  tlieiv^rticd^MG )in<  it,'  thd 
make  iryss  AlAr.  :It.iii  ^fi^in,  fpom  Wk&t  «Mis  dtinse  fin' 
tbe  lower  part,  that  Afy  wii{hieii»lre;tlie4cQ$di!ifliifeh'Gak 
lie  :  carried  ^bj  the.  appevi  part.  }.Thb:t^\^iiU6  SmuiA 
cs:ll«OC^.  .  Tfais.is'ifoo  greatlf  mpedov  t9)the  Mad^ 
but  not  in  so  gr^at  a  proportion  as  the  oduKipMrti:  Hho 
chief:  ^eri  of 'the  load  Ytes  ow  tilebuppdf  j^atii  bUtlthe 
chief  xmsiti  of  the  difference!  is!  fike  gceaterilohliqiiiftyjtf 
tbe  upper  striits.  :Thj»  sliorten^itbeidiag^itid  *Jd;y.of  t^ 
parallelogram  of  forces.  Mr  Pitot  should  have  advevti- 
ed  'to.this^;  and  instead)  of  making  *•  the  upper  sti^utar 
more  elender  than  ihe  lower^'b^' should,  bavb  made  tb^ 
iitouiet.  •  :       '        '..:•.*)  h;:    ,.    .    , 

This  strain  on  the  stretcher  LL  is  noDealcnlated.  It 
ig  measured  by. r  £,  when  Mj^is  thi^  loadactiJ^aity'I^iAg 
on  the' upper  part.'  Less  than  the  sixth  part'ofiithe  cbh 
herion  of  the  streteber  is  more  than  sufiicient  for)the.  ho- 
rizontal thrust ;  and  there  is  no  difficulty  of  making  the 
foot  joints^  of  the  struls  abundantly  stjnong  for  the  pur- 
pose. ;.!.■>• 
.The  reader  will  perceive  that  £he:  computation' just 
now  given  does  not  state  the  proportions  of  the  strains 
octually  exerted  on  the  different  pieces,  biit  the  load  on 
.the  whole,  upon  the  supposition  that  e^cb  piece  is  sub- 
jected to  ajstrain  proportioned  to  its  strength.  The'other 
calculation  is  much  more  complicated,  but  is  not  neces- 
.  sary  here         ^    , 

This  centre  has  a  very  palpable  defect.     If  the  piers 
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^kodd.  yield  to  the  load,  and  the  feet  of  the  centre  fl^ 
aut>  the  lower  part  will  exert  a  very  considerable  straia 
on  tfie  stretcher,  tending  to  break  it  across  between  N 
and  L,  and  on  the  other  side,  HKF  of  the  lower  part 
is  firmly  bound  together,  and  cannot  change  its  shap^ 
and  will  therefore  act  like .  a  lever,  turning  round  the 
point  F.  It  will  draw  the  strut  HK  away  from  its  abu^ 
.ment  with  6H,  and  the  stretcher  will  be  ^trained  across 
at  the  place  between  H  and  F,  where  it  is  bolted  with 
the  bridle.  This  may  be  resisted  in  some  degree  by 
an  iron  strap  uniting  ON  and  HK;  but  there  will  stiU 
be  a  want  of  proportional  strength.  Indeed,  in  an  arcj^ 
of  such  height  (a  semicircle),  there  is  but  little  risk  of  this 
yielding  of  the  piers  ;  but  it  is  an  imperfection.  , 

625.  The  centre  (PI.  Xl.  Fig.  2.)  is  constructed  on  the 
same  principle  precisely  for  an  elliptical  arch.  The  calcu- 
lation of  its  strength  is  nearly  the  same  also ;  only  the  two 
upper  struts  of  a  side  being  parallel,  the  paraUelograoli 
M  s  r  V  (of  Fig.  1.)  is  not  needed,  and  in  its  stead  we 
measure  off  on  ON  a  line  to  represent  twice  its  strength* 
This  comes  in  place  of  M  r'  of  Fig.  1. — N.  B.  The  cal- 
culation proceeds  on  the  supposition  that  the  short  strain-* 
ing  piece  MM  makes  but  one  firm  body  with  the  king- 
post. Mr  Pitot  employed  this  piece,  we  presume,  to  se- 
parate the  heads  of  the  struts,  that  their  obliquity  might 
be  lessened  thereby :  and  this  is  a  good  thought ;  foir 
when  the  angle  formed  by  the  struts  on  each  side  is  ve^y 
open,  the  strain  on  them  becomes  very  great. 

The  stretcher  of  this  frame  is  scarfed  in  the  middle. 
Suppose  ^as  joint  to  yield  a  little,  there  is  a  danger  of 
the  low^r  strut  ON  losing  its  hold,  and  ceasing  to  jom  in 
the  su{^rt ;  for  when  the  crown  sinks  by  the  lengthening 
of  the  stretcher,  the  ti^iangle  ORN  of  Fig.  i.  will  be  more 
distorted  than  the  space  above  it,  and  ON  will  be  loosened* 
.  But  this  will  not  be^  the  case  when  the  sinking  of  the 
^crown  arises  fr^m  the  mere  compression  of  the  strut^. 

VOL.  h  2  u 
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Noririn  it  happen  at  all  in  the  centre,  Fig.  1.  On  the 
tontrarj,  the  stmt  ON  will  abut  more  firml/  bj  the  yield- 
ing of  the  foot  of  ML. 

The  figure  of  ifbis  arch  of  Mr  Pitof  s  consists  of  three 
mrches  of  circles,  each  of  60  degrees.  As  it  is  elegant,  it 
lv31  not  be  unacceptable  to  the  artist  to  have  a  construc- 
tion for  this  purpose. 

626.  Make  BY  =  CD,  and  CZ  =  J  CY.  Describe 
the  semicircle  ZJEY,  and  make  ZS  =  ZM.  S  is  the 
Icentre  of  the  side  arches,  each  of  60  degrees.  The  centre 
T  of  the  arch,  which  unites  these  two,  is  at  the  angle  of  aa 
equilateral  trianglfe  STS. 

This  condttiiction  of  Mr  Pitot^s  makes  a  handsome 
Dval,  and  very  hear  kn  ellipsis,  but  lies  a  little  without 
it.  We  shall  add  another  of  our  own,  which  coincides 
With  the  ellipse  in  eight  points,  and  furnishes  the  artist, 
by  the  way,  a  rule  for  drawing  an  infinite  variety  of 
ovals. 

Let  AB,  DE  (Fig.  2.  No.  S.)  be  the  axes  of  an  ellipse, 
C  the  centre,  and  F,  /,  the  two  foci.  Make  C  6  ==  CD, 
'and  describe  a  cirde  A  D  ft  e  passing  through  the  three 
given  points  A,  D,  and  ft.  It  may  be  demonstrated,  that 
if  from  any  point  P  of  the  arch  AD  be  drawn  a  chord 
PD,  and  if  a  line  P  H  r  be  drawn,  making  the  angle  DPR 
:=  PDC,  and  meeting  the  two  axes  in  the  points  R  and  r, 
then  B  and  r  will  be  the  centres  of  the  circles,  which  will 
form  a  quarter  AFD  of  an  oval,  which  has  AB  and  DE 
for  its  two  axes. 

We  want  an  oval  which'  shall  coincide  as  much  as  pos- 
sible with  6n  ellipsis  ?  The  most  likely  method  for  this 
is  to  find  the  very  point  P  where  the  ellipsis  cuts  the 
'Circle  AD  ft  e.  The  easiest  way  for  the  artist  is  to  de- 
scribe an  at*ch  of  a  circle  a  m,  having  AB  for  its  radius, 
and  the  remote  focus /for  its  centre.  Then  set  one  foot 
'of  the  compasses  on  any  point  P,  and  try  whether  ihi 
distance  PF  from  the  pearest  focus  F  if  exactly  equal  tt. 
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jU  diftanoe  P  m  from  tbat  pirde.  Shifiinf  tbe  foot  of 
the  ooqapassea  from  the  point  of  the  arch  to  apotheri  wiU 
Boon  dUcover  tbe  point.  This  being  fpun4>  4rair  PX>» 
0)ake  tbe  angle  DP  r  =^  PD  r,  .and  B  and  r  are  tbe  c^n- 
ireQ  wanted.  Then  make  C  «  =  CB,  and  .we  get  the  cfn«^ 
tres  for  tbe  other  side. 

The  geometer  will  not  telith  this  mecbanipal  con«tme« 
tifui.  Ut  maf  tbevefoae  prpcimi  a^  follows ;  Dra^  P  4 
parallel  -to  AB,  cutting  tha.  circle  in  d,  .  Draw  e  d,  cut|ii|f 
ACinN.  Diiaw  CG  pa^IIel  to  e  A,  and.m^ke  the  ap|^ 
CG  t  3=  AD  f.  Biaect  CN  in  O,  and  jofn  O  t.  Ma^ 
OM»  OM'  ;^  O  t,attd  draw  MP,  MP"  perpendicpUr  to 
;^B.  Thes^ .  ordiiiatte  Will  cut  tbe  circle  AP  b  e  ii^ 
Jthe  pointy  :P. and  P,  whera.it  ia  cut  hj  the  eUipse.  Wa 
feato.dic  dfiaQB0tijatibn.a3agewietricsJ  exercise  for  tbf 
HtleiUdte. 

§87.  We  iaid,  that  this  <£ntering  of  Mr  Pitot'fl  l^ 
4Kmbikdin  principle  tiha  one  employed  by  I^ichael  Angalo 
for  £ha  nave  and  transepts  of  St  Peter's  aburch  at  Borne. 
Foatana,  who  has.preserTeditbis,  asoribtlt  tbe  cpnitfipc^ 
'  iiao  of  it  to  one  of  the  name  of  San  Gallo.  A  .sketch  of 
it  is  given  m  Fig;. 9.  It  is^  however,  so  much  superior^ 
«nd  ^o  differeBt  in  principle^ .  from  tliat  ewplcyeA  for  the 
cupola,  that  we  cannot  think  it  the  invention  of  the  same 
peraoti.  It:isj  like  Pitofs,  not  only  divisible,  but  really 
divided  into  t^o  parts,  of  wbieji  the  u[^r  carries  bjr 
inach  the  ^greatest  part  of  tbe  lo^d.  The  pieces  are  jn* 
4iciously.  disposed,  and  every  important  beam  is  amplj 
secured  against  all  tvansverbe  strains.  Its  only  fault  is  a 
great  profnsioii  of  strength.  The  innermost  polygon  ag 
hb  is, quite  superfluous,  because  no  strain  can  force  in  the 
stntta' which  rest  on  the  angles.  Should  the  piers  yield 
outwands,  this. polygon  will  be  loose,  and  can  do  no  ser« 
vice.  Nor  is  tbe  triangle  gih  of  any  uee,  if  the  king* 
post  above  it  be  strapped  to  the  tie*beam  and  atraiaiog 
fill.    Perhaps  the  inventor  considered  the  king-post  as  ak 
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pillar,  and  wished  to  secure  the  tie-beiain  against  its  crosi 
■train.  This  centering,  bowerer,  must  be  allowed  to  be 
very  well  composed ;  and  we  expect  that  the  well-inform- 
ed reader  will  join  us  in  preferring  it  to  Mr  Pitot^s,  both 
for  simplicity  of  principle,  for  scientific  propriety,  and 
.for  strength.  « 

*  There  is  one  considerable  advantage  which  may  be  de- 
rived from  the  actual  division  of  the  truss  into  two  parts. 
If  the  tie-beam  LL,  instead  of  resting  on  the  stretcher 
(EF,  had  rested  on  a  row  of  chocks  foimed  like  double 
wedges,  placed  above  each  other,  head  to  point,  the  up- 
per part  of  the  centering  might  be  struck  independent  of 
the  lower,  and  this  might  be  done  gradually,  beginning 
%t  the  outer  ends  of  the  stretcher.  By  this  procedure, 
the  joints  of  the  arch  stones  will  dose  on  the  bannchei^ 
and  will  almost  relieve  the  lower  centering,  so  that  all  caii 
be  pulled  out  together.  Thus  may  the  arch  settle  and 
tonsolidate  in  perfect  safety,  withomt  any  chance  of  breaks 
ing  the  bond  of  the  mortar  in  any  part;  an  acddent 
which  frequently  happens  in  great  arches.  This  pn>ce- 
dui^  is  peculiarly  advisable  for  low  pitched  j>r  eHqotical 
arches.  But  this  will  be  more  clearly  seen  afterwards^ 
when  we  treat  of  the  internal  movements  of  ah  aiek  of 
masonry. 

This  may  suffice  for  an  account  of  the  more  simple 
construction  of  trussed  centres ;  and  we  proceed  to  sock 
as  have  a  much  greater  complication  of  principle.  We 
shall  take  for  example  some  constructed  by  Mr  Ferronet, 
ft  very  celebrated  French  architect.  * 

688.  Mr  Perroners  general  maxim  of  construction  is  to 
make  the  truss  consist  of  several  courses  of  separate 
trusses,  independent,  as  he  thinks,  of  each  other,  and  thu» 
to  employ  the  joint  support  of  them  all.  In  this  coiv- 
struction  it  is  not  intended  to  make  use  of  one  truss,  or 
part  of  one  truss,  to  support  another,  as  in  the  former 
jiet,  as  is  practised  in  the  roofs  of  St  Paulas  churchy  C^ 
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nnt  Garden,  and  in  Drurj  Lane  theatre.  Each  trusi 
spans  over  the  whole  distance  of  the  {ners,  and  would 
stand  alone  (having,  however,  equilibrium).  It  consists 
of  a  number  of  struts,  set  end  to  end,  and  forming  a  poly* 
gon.  These  trusses  are  so  arranged,  that  the  angles  of 
«ne  are  in  the  middle  of  the  sides  of  the  next,  as  when  a 
polygon  is  inscribed  in  a  circle,  and  another  (of  die  same 
number  of  sides)  is  circumscribed  by  lines  which  touch 
the  circle  in  the  angles  of  the  inscribed  polygon.  By 
this  oonstruction  the  angles  of  the  alternate  trusses  lie  in 
lines  pointing  towards  the  centre  of  the  curve.  King« 
posts  are  therefore  placed  in  this  direction  between  the 
adjoining  beams  of  the  trusses.  These  king*posts  consist 
of  two  beams,  one  on  each  side  of  the  truss,  and  embrace 
the  truss-beams  between  them^  meeting  in  the  middle  of 
their  thickness.  The  abutting  beams  are  mortised^  half 
into  each  half  of  the  post.  The  other  beam,  which' makes 
tbe  base  of  the  triangle,  passes  through  the  post,  and' a 
strong  bolt  is  driven  through  the  joint,  and  secured  by  a 
key  or  a  nut.  In  this  manner  is  the  whole  united ;  and 
it  is  expected,  that  when  the  load  is  laid  on  the  uppermost 
truss,  it  will  all  butt  together,  forcing  down  the  king* 
posts,  and  therefore  pressing  them  on  the  beams  of  all  the 
inferior  trusses,  causing  them  also  to  abut  on  each  other, 
and  thus  bear  a  share  of  the  load.  Mr  Perronet  does  not 
assume  the  invention  to  himself;  but  says,  that  it  was  in* 
vented  and  practised  by  Mr  Mansard  de  Sagonne  at  the 
great  bridge  of  Moulins.  It  is  much  more  ancient,  and  is 
the  work  of  the  celebrated  physician  and  architect  Per- 
rault ;  as  may  be  seen  in  the  collection  of  machines  and 
inventions  of  that  gentleman  published  after  his  death, 
and  also  in  the  great  collection  of  inventions  approved  of 
by  the  Academy  of  Sciences.  It  is  this  which  we  propose 
to  examine. 

630.  Fig  4.  represents  the  centering  employed  for  th( 
J^ridge  of  Cravant.    The  arches  are  elliptical^  of  60  (eet 
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8^  and  20  feet  rise,  tht  urch  stones  «re  fbdr  feet 
thick,  Attd  wei^  Vt6  (lounds  ^  foot.  The  tniss-bewtts 
wei^  ftokn  16  to  18  feet  long,  and  their  section  was  9 
ilkchetf  hj  8.  £ach  half  tt  the  king-pOsts  was  about  7 
feet  longs  and  its  section  9  inebes  by  8.  The  wJbole  was 
oF  oak.  The  five  trasses  fi^ere  fi^  feet  asunder.  The 
whole  weight  of  the  arch  was  1350060  lbs.  which  we  ma^ 
call  600  tons  (it  is  $t».)  This  is  about  lit  tons  for  each 
tj^nss.  We  must  allow  near  90  tons  of  this  reallj  to  press 
the  truss.  A  great  part  of  this  pressure  is  borne  by  the 
four  beams  which  make  the  feet  of  the  truss,  coupled  in 
pairs  on  each  side.  The  diagonal  of  the  paraOebgram  of 
forces  drawn  for  these  beams  is,  to  one  of  the  sides,  in 
the  proportion  of  360  to  285.  Therefore  say,  as  860  to 
885 ;  so  is  90  to  71  i  tons,  the  thrust  on  each  foot.  The 
section  of  each  is  144  inches.  We  may  with  the  utmost 
safety  lay  three  tons  on  erery  inch  for  erer.  This  amounts 
to  4S8  tons,  which  is  more  than  six  tim^s  the  strahi  reri- 
ly  pressing  the  foot  beams  in  the  direction  of  their  length ; 
nay,  the  upper  truss  alone  is  able  to  Carry  much  more 
than  its  load.  The  absolute  strength  of  its  foot-beam  it 
216  tons.  It  is  much  more  advantageously  pla^;  fo^ 
the  diagonal  of  the  parallelogram  of  forces  colresponding 
to  its  position  is  to  the  side  as  438  to  285.  This  gires 
B8^%  tons  for  the  strain  on  each  foot ;  which  is  not  much 
above  the  fourth  part  of  what  it  is  able  to  carry  for  ever. 
No  doubt  can  therefore  be  entertained  of  the  superabun- 
dant  strength  of  this  centering.  We  see  that  the  upper 
row  of  struts  is  quite  sufficient,  and  all  that  is  wanted  is 
to  procure  stiffness  for  it ;  for  it  must  be  carefully  kept 
in  mind,  that  this  upper  fow  is  nOt  like  an  equilibrated 
arch.  It  will  be  very  unequally  loaded  as  the  work  ad* 
▼ances.  The  haunches  of  the  frame  will  be  pressed  down, 
and  the  joints  at  the  crown  raised  up.  This  must  here* 
fisted. 

Here  then  we  may  gather,  by  the  way,  a  useful  lesson. 
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Let  the  outer  row  of  struts  be  appropriated  to  the  car« 
riage  of  the  load,  and  let  the  rest  be  employed  for  givinj^ 
stiffness.  For  this  purpose  let  the  outer  ronr  have  abuoi 
^  dant  strength.  The  advantages  of  this  method  are  coa<^ 
siderahle«  The  position  of  the  beams  of  the  e;B;terior 
row.  is  more  advantageous,  when  (as  in  this  example)  Uiq 
whole  is  made  to  rest  on  a  narrow  foot :  for  this  obliges 
us  to  make  the  last  angle,  at  least  of  the  Ibwer  row,  mor^ 
•pen,  which  increases  the  strain  on  the  strut ;  besides,  it. 
is  next  to  impossible  to  distribute  the  compressii^  thrustif 
among  the  different  rows  of  the  truss  beams ;  and  a  beant 
which,  during  one  period  of  the  mason  work,  is  acting 
the  part  of  a  jstrut,  in  another  period  is  bearing  no  straia 
but  its  o^a  weight,  and  in  another  it  is  stretched  as  a  tie. 
A  third  advantage  is.  that,  in  a  case  like  this,/  where  all 
restjt  on  a  narrow  foot,  and  the  lower  row  of  beam?  ar? 
bearing  a  great  part  of  the  thrust,  the  horizontal  thrust 
on  the  pier  is  very  great,  and  may  push  it  aside.  This  is 
the  most  ruinous  accident  that  can  happen.  An  inch  o^ 
two  of  yielding  will  cause  the  crown  of  the  arch  V>  sink 
prodigiously,  and  will  instantly  derange  all  tji?  bearings 
of  the  abutting  beams :  but  wjien  the  lower  beams  air 
ready  act  as  ties,  and  are  quite  adequate  to  their  ofBce^ 
we  render  the.  frame  perfectly  stiff  or  unchangoible  in  its 
form,  and  take  away  the  horizontal  thrust  from  the  piers 
entirely.  This  advantage  is  the  more  valuable,  because 
the  very  circun^stance  which  obliges  us  to  rtsi  all  on  fi ' 
narrow  foot,  places  the  foot  on  the  very  top  of  the  pier^ 
and  makes  the  horizontal  thrust  the  more  dangerous. 

But,  to  proceed  in  our  examination  of  the  centering  of 
Cravant  bridge,  let  us  suppose  that  the  king-posts  are 
removed,  and  that  the  beams  are  joined  by  com|>ass  joints. 
If  the  pier  shall  yiel/d  in  the  smallest  degree,  both  rows  of 
struts  must  sink ;  and  since  the  angles  (at  least  the  outer- 
■iQst)  of  the  lower  row  are  more  open  than  those  of  thf 
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upper  row,  the  crown  of  the  lower  row  will  sink  more 
ihan  that  of  the  upper. 

'   The  angles  of  the  alternate  rows  must  therefore  sepa^ 
rate  a  little.     Now  restore  the  king-posts ;  thej  prevent 
ihis  separation.     Therefore  tkty  are  stretehed;  therefore 
the  beams  of  the  lower  row  are  also  stretched;  conse- 
quently they  no  longer  butt  on  their  mortises,  and  must 
be  held  in  their  places  bj  bolts.     Thus  it  appears  that,  in 
this  kind  of  sagging,  the  original  distribution  of  the  load 
Among  the  different  rows  of  beams  is  changed,  and  the 
upper  row  becomes  loaded  beyond  our  expectation. 
•    If  the  sagging  of  the  whole  truss  proceed  only  from 
the  compression  of  the  timbers,  the  case  is  different,  and 
we  may  preserve  the  original  distribution  of  mutual  abut- 
ment more  accurately.     But  in  this  case  the  stiffness  of 
the  frame  arises  chiefly  from  cross  strains.     Sup'^se  that 
'the  frame  is  loaded  with  arch  stones  on  each  side  up  to 
the  posts  HC,  b  c ;  Fig.  4.  the  angles  £  and  e  are  pressed 
down,  and  the  beams  EOF^  eo¥  push  up  the  point  F. 
This  cannot  rise  without  bending  the  beams  EOF,  eo¥; 
because  O  and  o  are  held  down  by  the  double  king-posts^ 
^hich  grasp  the  beams  between  them.     There  is  there- 
fore  a  cross  strain  on  the  beams.    Observe  also,  that  the 
triangle  EHF  does  not  preserve  its  shape  by  the  connec- 
tion of*  its  joints  v  for  although  the  strut  beams  are  mor- 
tised into  the  king-post,  they  are  in  very  shallow  mor- 
tises, rather  for  steadying  them  than  for  holding  them 
together.     Mr  Perronet  did  not  eten  pin  them,  thinking 
that  their  abutment  was  very  great.    The  triangle  is  kept 
in  shape  by  the  base  EF,  which  is  firmly  bolted  into  the 
middle  post  at  O.    Had  these  intersections  not  been 
strongly  bolted,  we  imagine  that  the  centres  of  some  of 
Mr  Perronet'^s  bridges  would  have  yielded  much  more 
than  they  did ;  yet  some  of  them  yielded  to  a  degree 
that  our  artists  would  hare  thought  very  dangerous.    TStc 
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Perronet  was  obliged  to  load  the  crown  at  the  centering 
with  very  great  weights*  increasing  them  as  the  work 
advanced  to  prevent  the  frames  from  going  out  of  thape ; 
in  one  arch  of  120  feet  he  laid  on  46  tons.  Notwith- 
standing this  imperfection,  which  is  perhaps  unavoidable, 
this  mode  of  framing  is  undoubtedly  very  judicious,  and 
perhaps  the  best  which  can  be  employed  without  depend- 
ing on  iron  work. 

630.  Fig.  5.  represents  another,  constructed  by  Perro- 
nel  for  an  arch  of  90  feet  spair  and  26  feet  rise.  The 
trusses  were  7  feet  apart,  and  the  arch  was  4J  diich: ; 
-so  that  the  unreduced  load  on  each  frame  was  very  nearly  ' 
1S25  tons.  The  scantling  of  the  struts  was  15  by  12 
inches.  The  principle  is  the  same  as  that  of  the  former. 
The  ^chief  difference  is,  that  in  this  centre  the  outer 
truss-beam  of  the  lower  row  is  not  coupled  with  the 
middle  row,  but  kept  nearly  parallel  to  the  outer  beam 
of  the  upper  row.  This  adds  greatly  to  the  strength  of 
the  foot,  and  takes  off  much  of  the  horizontal  thrust  from 
the  pier. 

Mr  Perronet  has  shewn  great  judgment  in  causing 
the  polygon  of  the  inner  row  of  truss  beams  gradually 
to  approach  the  polygon  of  the  outer  row.  By  this  dis- 
position,  the  angles  of  the  inner  polygon  are  more  acute 
than  those  of  the  outer.  A  little  attention  will  shew^ 
that  the  general  sagging  of  all  the  polygons  will  keep  the 
abutments  of  the  lower  one  nearer,  or  exactly,  to  their 
original  quantity.  We  must  indeed  except  the  foot-beam. ' 
It  is  still  too  oblique ;  and,  instead  of  converging  to  the 
foot  of  the  upper  row,  it  should  have  diverged  from  it. 
Had  this  been  done,  this  centre  is  almost  perfect  in  its 
kind.  As  it  is,  it  is  at  least  six  times  stronger  than  was 
absolutely  necessary.  We  shall  have  occasion  to  refer  to 
this  figure  on  another  occasion. 

631.  This  maxim  is  better  exemplified  by  Mr  Perro* 
pet  in  the  centering  of  the  bridge  of  St-  Maxence,  exh)« 
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biied  in  Fig.  5.  No.  2.  than  thai  of  Nogent,  Fig.  5.  Nw 
1.  But  we  think  that  a  horizontal  truss-beam  a  b  should 
bave  been  inserted,  ia  a  subordinate  manaer»  betweea 
the  king-posts  next  the  crown  on  each  side.  This  would 
prevent  the  crown  from  rising  wliile  the  haunches  only 
Are  loaded,  without  impairing  the  fine  abutments  oC  c  4t 
e  dy  when  the  arch  is  nearly  completed.  This  is  an 
excellent  centering,  but  is  not  likely  to.  be  of  much  use  in 
these  kingdoms;  because  the  arch  itself  will  be  consi*- 
dered  as  ungraceful  and  ugly,  looking  like  a  huge  Un* 
tel.  Perronet  says,  that  he  preferred  it  to  the  eUips^ 
because  it  was  lighter  on  the  piers,  which  wer^  thin.  But 
the  failure  of  one  arch  must  be  immediately  followed  bj 
the  ruin  of  all.  We  know  much  better  methods  of  light- 
ening the  piers, 

632.  Fig*. 6.  represents  the  centering  of  the  bridge  of 
Neuilly,  near  Paris,  also  by  Peironet.  The  arch  has 
120  feet  span,  and  30  feet  rise,  and  is  5  feet  thick.  The 
frames  are  6  feet  apart,  and  each  carries  an  absolute  (that 
is,  not  reduced  to  ^^  or  to  J)  load  of  350  tons.  The  strnft 
beams  are  17  by  14  inches  in  scantling.  The  king-posts 
iure  of  15  by  9  each  half;  and  the  horizontal  bridles, 
which  bind  the  different  .frames  together  in  five  places, 
are  also  15  by  9  each  half.  There  are  eight  other,  horL- 
xontal  binders  of  9  inches  square. 

This  is  one  of  the  most  remarkable  arches  in  the  world ; 
not  altogether  on  account  of  its  width,  for  there  ar«  se- 
veral much  wider,  but  for  the  flatness  at  the  crown :  for 
about  26  feet  on  each  side  of  the  middle  it  was  intended 
to  be  a  portion  of  a  circle  of  150  feet  radius.  An  aroh 
(semicircular)  of  300  feet  span  might  therefore  be  easily 
constructed,  and  would  be  much  stronger  than  this,  b^ 
eause  its  horizontal  thrust  at  the  crown  would  be  vastly 
greater,  and  would  keep  it  more  firmly  united. 

The  bolts  of  this  centre  are  differently  placed  from  tjbose 
of  the  former  $  and  the  changef  is  judicious.    Mr  Ferroaft 
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h^  dooUtleM  toMwi  bj  tbk  thae»  thai  ebe  stifKiess  of  hi4 
framing  depchded  on  <be  transverse  strength  of  the 
beams  ;  add  tberefort  he  wea  cdr^ful  not  to  weaken  tbeni 
bjrJthe  b6lts.  Bui,  atot^itbttandhig  all  hb  cHr^^  the  fram* 
ing  k«nk  upwards  of  IS  inches  beforni  the  keystones  wero 
laid;  and^  duriilg  the  pr^rebs  of  the  works  the  crown 
rose  and  snak,  by  rarioo^  steps^  ^  the  tending  was  ext 
tdnded  along  ilL  -Whibo  8(f  coarses  wefe  laid  on  each  side* 
aikd  about  16  tonsf  likid  on  tb^  crown  of  eaeh  frames  it 
jNink  about  Ari  inch.  When  46  courses  were  kid«  and 
the  crown  feirided  with  60  torn,. it  sunk  about  half  an  inch 
more.  It  continued  sinking  as  the  work  advanced ;  and 
wliete  the  keystorie  was  set  it  htfd  sunk  13|  inches.  JBut 
Ibis  sinking  was  not  general ;  on  thel  ^bntrary,  the  frame 
had  risen  greatly  at  the  vety  hattnehes,  so  as  to  open  the 
tityper  part  of  the  joints^  many  of  which  gaped  an  inch  ; 
and  this  opening  of  the  joints  gradudHy  extended  from 
the  faaunches  towards  the  crown,  in  the  neighbourhood 
of  which  they  opened  onf  the  under  side.  Thitf  evU 
dently  arose  from  a  want  of  stifihess  in  the  frame.  But 
these  joints  closed  again  when  the  dsiltres  were  struck,  aa 
will  be  mentioned  nUe^wuTiM. 

We  have  taken  particular  notice  Of  the  movements  and 
twisting  of  this  centre,  because  w^  think  that  they  indk 
cate  a  deficiency,  not  only  of  stiffness,  but  of  abutment^ 
among  the  truss-bdams,  Th^  Whole  has  been  too  flexible, 
beeao^  the  angles  are  too  obtuse :  This  arises  from  their 
ninltipiiCity.  When  the  intercepted  arches  have  so  lit^tle 
curvature,  the  power  of  the  load  to  press  it  inward  in- 
ci'e^ses  very  fast.  When  the  iiktercepted  arch  is  reduced 
to  one  half,  this  power  is  more  than  doid>led ;  and  it  is 
also  tlottbled  when  the  radius  of  curvature  is  doilbled. 
The  king-posts  should  have  been  farther  apart  near  th^ 
crownj  sd  that  the  quantity  of  arch  between  them  should' 
compensate  for  its  diminished  cdrvature. 

The  power  of  withstanding  any  yiven   inequaiitjr  Of 
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load  would  therefore  have  been  greater,  had  the  eentrft 
consisted  of  fewer  pieces,  and  their  angles  of  meeting 
been  proportionally  more  acute.  The  greatest  improve- 
tnent  would  have  been,  to  place  the  foot  of  the  lower  tier 
of  truss-beams  on  the  very  foot  of  the  pier,  and  to  have 
also  separated  it  at  the  head  from  the  rest  with  a 
longer  king-post,  and  thus  to  have  made  the  distances  of 
the  beams  on  the  king-posts  increase  gradually  from  the 
crown  to  the  spring.  This  would  have  made  all  the 
angles  of  abutment  more  acute,  and  would  have  produced 
a  greater  pressure  on  all  the  lower  tiers  when  the  frame 
sagged. 

633.  Fig.  1.  of  PI.  XII.  represents  the  centering  of  the 
bridge  of  Orleans.  The  isurch  has  100  feet  span,  and  rises  30^ 
ftiid  the  arch-stones  are  6  feet  long.  It  is  the  construction 
of  Mr  Hupeau,  the  first  architect  of  the  bridge.  It  is  the 
boldest  work  of  the  kind  that  we  have  seen,  and  is  con* 
etructed  on  clear  principles.  The  main  abutments  are 
few  in  number.  Because  the  beams  of  the  outer  polygon 
ere  long,  they  are  very  well  supported  by  straining  beams 
in  the  middle;  and  the  struts  or  braces  which  support 
and  butt  on  them,  are  made  to  rest  on  points  carried 
entirely  by  <m.  The  inventor,  however,  seems  to  have 
thought  that  the  angles' of  the  inner  polygon  were  sup^ 
^rted  by  mutual  compression,  as  in  the  outer  polygon^ 
But  it  is  plain  that  the  whole  inner  polygon  may  be  form* 
ed  of  iron  rods.  Not  but  that  both  polygons  may  be  in  a 
istate  of  compression  (this  is  very  possible) ;  but  the  small- 
est sagging  of  the  frame  will  change  the  proportions  of 
the  pressures  at  the  angles  of  the  two  polygons.  The 
pressures  on  the  exterior  angles  will  increase,  and  those 
on  the  lower  or  interior  angles  will  diminish  most  rapids 
ly  ;  so  that  the  abutments  on  the  lower  polygon  will  be 
next  to  nothing.  Such  points  could  bear  very  little  pres» 
sure  from  the  braces  which  support  the  middle  of  the 
long  bearings  of  the  upp^  beams,  and  their  pnrasures 
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tnOst  be  borte  chiell j  bj  the  jointo  suf^rted  by  ih^ 
king'-posts.  The  king-posts  would  then  be  in  a  state 
of  extension.  It  is  di^cult^  however,  to  decide  wh%t 
IS  the  precise  state  of  the  pressure  at  these  interior  an« 
«les. 

«.  634  The  history  of  the  erection  of  this  bridge  will 
throw  much  light  on  this  point  Mr  Hupeau  died  beforfs 
tmj.  of  the  arches  were  carried  farther  than  a  very  few 
of  the  first  courses.  Mr  Perronet  succeeded  to  the  charg«b 
and  finished  (he  bridge.  As  the  work  advanced,  the 
crown  of  the  frame  rose  very  much.  It  was  loaded ;  and 
at  sunk  as  reouurkably.  This  shewed  that  the  lower  po- 
lygon was  giving  very  little  aid.  Mr  Perronet  then 
thought  the  frame  Coo  weak,  and  inserted  the  long  beam 
D£,  making  the  diagonal  of  the  quadrangle,  and  verf 
nearly  in  the  direction  of  the  lower  beam  a  6,  but  falling 
rather  below  this  line.  He  now  found  the  frame  abun* 
dantly  strong.  It  is  evident  tliat  the  truss  is  now  chang- 
ed exceedingly,  and  consists  of  only  the,  two  long  sides, 
and  the  short  straining  beam  lying  horizontally  between  , 
their  heads.  The  whole  centering  consists  now  of  one 
great  truss  a  £  €  ft,  and  its  lonj;  8i4es  a  £,  e  &,  are  trussed 
,iq>  at  B  and/.  Had  this  simple  idea  been  made  the  prin- 
ciple of  the  construction,  it  would  have  been  es^cellent. 
The  angle  a  D£  might  have  been  about  176^,  and  the 
polygon  I)  c  g  h  employed  only  for  giving  a  slight  sup- 
.port  to  this  great  angle,  so  as  not  to  allow  it  to  exceed 
ISiy.  But  Mr  Perronet  found,  that  the  joint  c,  at  the 
•foot  of  the  post  £  c,  was  about  to  drctw  loose^  and  he  was 
obliged  to  bolt  long  pieces  of'  timber  on  each  side  of  the 
joint,s  embracing  both  beams.  These  were  evidently  act- 
ing the  same  part  as  iron  straps  would  have  done ;  fi 
complete  proof  th^t,  whatever  may  have  been  the  original 
pressures,  there  was  no  abutment  now  at  the  point  c, 
and  that  the  beams  which  met  there  were  not  in  a  state  of 
impression,  but  were  on  the  stretch.    Mr  Perronet  says 
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that  be  put  tlie9e  clMoks  to  the  joints  to  *t^^  them.  Sat 
this  was  not  their  office ;  because  tlie  adjoining  beams 
Irere  not  struts,  but  ties,  aa  we  have>Aow  proved. 

'We  may  therefore  ^ondodis,  that  the  outer  poijgoa, 
with  the  assistance,  of  the  pieces,  a  b,  D£,  were  carrjmg 
•the  whoi^  lofad.  'We  dd  not  know  the  distance  between 
the  frames;  but,  supposing  them  fieren  feet  apart,  aad 
the  arch  Ax  (eet  thick,  and  weighing  170  poundA  per  f^M, 
'^e  learn  the'  load^  The  beams  were  16  inches  s«(iibfe. 
If  we  now  ealculat*^  what  ihey  would  bear  at  the  some 
▼ery  moderate  rate  allowed  to  the  other  centres,  we^fiiid 
that  the  beams  AB  and  a^6  are  not  loaded  Hd  one-siftlh  of 
iheir  strength; 

'We  have  given  tins  <5entre  aft  a- Aie  example  of  wh«t 
tafpentry  is  able  to  perform,  and  becauso,  hj  its  sim- 
pUcity,-it  is  a  swt  of  Sexton  which  the  inteiligent  artint 
may  make  many  comments;  Wen«ay  cee^  plainij^  that,  if 
ihelowier  polygoki  bad-beenfovmedtsf  iroHi  rods,  ^rmly 
'bolted  into  the  feet  of  the  king-'posts^  rit  Would  have' 
maintained  its  shape  completely.  The  service  done- by 
the  beam  DE  was  not  so  much  an  In^tease  of  abutment 
as  a  discharge  of  the  weight  and  of  the  pull  at  the  joint  t. 
Therefore^  in  c^sea  wbese  the  feet  of  the  truss  are 
necessortTy  confined  to  ia  very  narrow  space,  we  should 
be  careful  to  make  the  u{)per  polygon  sufficient  to  carry 
'liie  whole  load  (say  by  doubling  its  beams),  and  we  may 
then  make  the  lower  poflygdif  of  slender  dimensions,  pp(>^ 
vided  we  secure  the  joints  on  the  king-posts  by  iron  straps 
which  embrace  a  considerable  portion  of  'the  tie  on  each 
side  6f  the  joint.  ^ 

€35.  We  are  far  from  thinking  that  the^e  centres  are 
of  the  best  kind  that  could  be  employed  in  their  sittta* 
tion  ;  btit  they  are  extellent  in  their  kind ;  and  a  careful 
study  of  them  will  teach  the  artist  much  €>f  his  profes* 
sion.  When  we  have  a  clear  conception  of  the  state  ef 
•strain  in  which  the  parts  of  a  frame  reaUy  are^  we  know 
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%Ii8t  riiouM  be  done  in  orcler  to  draw  all  tlie  advantage 
possible  from  our  materials.  We  hare  said  in  another 
place,  that  where  we  can  give  our  joints  sufficient  con- 
nection (as  hy  straps  and  bolts,  or  by  cheeks  or  fishes), 
it  is  belter  to  use  ties  than  stmts,  because  ties  never 
bend. 

We  do  not  approve  of  Mr  Perronefs  practice  of  giv* 
*uig  his  trusses  such  nanrow  feet.  By  faringmg  the  foot 
of  the  lower  polygon  fiurther  down,  we  greatly  diminish 
aH  the  strains,  and  throw  more  load  on  the  lower  poly-i 
goB :  and  we  do  not  see  any  of  Mr  Perronet^s  centre* 
where  this  might  not  have  been  done.  He  seems  to  ti* 
feet  a  great  span,  to  shew  the  wonders  of  his  art ;  but 
4iur  object  is  toteadi  bow  to  make  the  best  centre  of  a 
given  quantity  of  materials  ;  and  how  to  make  the  most 
perfect  centre,  when  we  are  not  limited  in  this  respecly 
nor  in  the  extent  of  our  fixed  points. 

636.  We  shaH  conclnde  this  series  of  examples  with  one 
Whei3e  no  such  affectation  takes  place.  This  is  the  een- 
terinj^  of  the  bridge  at  Blackfriars,  London.  The  span  of 
the  arch  is  100  feet,  and  its  height  from  the  spring  is  about 
4S.  The  drawing  Plate  XII.  Fig.e.  is  sufficiently  minute 
to  convey  a  distinct  notion  of  the  whole  construction.  We 
need  not  be  very  particular  in  our  observatioBs,- after 
what  has  been  said  on  the  general  principles  of  construc- 
tion. The  leading  maxim,  in  the  present  example,  seems 
to  be,  thai  evety  part  of  the  arch  shall  be  ttq^ported  bg  n 
timpU  trust  of  two  legs  resting^  one  on  each  pier.  H,  H^ 
&c.  are  caUed  afron  puces  to  strengthen  the  exterior 
jcmits,  and  to  make  the  ring  as  stiff  in  itself  as  possible. 
FromUhe  ends  of  this  apron-piece  proceed  the  two  legs  of 
each  truss.  These  legs  are  13  inches  square :  They  are 
not  of  an  entire  piece,  but  of  several,  meeting  in  firm 
abutment  Some  of  their  meetings  are  secured  by  the 
double  king-post9,  which  grasp  them  firmly  between 
them^  and  are  held  together  by  bolts.     At  other  inter« 
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«ections;  the  tean\|B  appear  halved  into  each  otfier  ^ .  m 
practice  which  cannot  but  weaken  them  much,  and 
.would  endanger  their  breaking  bj  cross  strains,   if    it 

were  possible  for  the  frame  to  change  its  shape.  But 
'the  great  breadth  of  this  frame  is  an  effectual  stop  to  anj- 

such  change.  The  fact  was,  that  no  sinking  or  twisting' 
jtfhattver  was  observed  during  the  progress  of  the  piason 

work.  Three  points  in  a  straight  Une  were  marked  on 
.purpose  for  this  observation,  and  were  .observed  ev&ry 
.day.  The  arch  was  more  than  six  feet  tliick;  and  jre^ 
.the  sinking  of  the  crown,  before  setting  the  keystones, 
.did  not  amount  to  one  inch. 

The  centre  employs  about  one-third  more,  timber 
-than  Perronefs  great  centre  in  p^portion  to  the  span  qf 
.the  arch;  but  the  circumference  increases  in  a  greater 
j)roportion  than  this,  because  it  is  more  elevated.    In 

every  ivay  of  making  a  comparison  of  the  dimensioqs, 
»M.r  Mylne'^s  arch  employs  more  timber ;  but  it  is  beyond 

all  comparison  stronger.  The  great  elevation  U  partly 
'  the  reason  of  this.  But  the  disposition  of  the  timbers  is 
^  also  much  more  advantageous,  and  may  be  co{ned  even 
*  in  the  low-pitched  arches  of  Neuiily.  The  simple  troaa, 
.  reaching  from  pier  to  pier  for  the  middle  point  of  the 

arch, .  gives  the  strong  support  where  it  is  most  of  all 
.  wanted ;  and  in  the  lateral  points  H,  although  one  leg  of 
.  the  truss  is  very  oblique,  the  other  compensates  for  it  by 

its  upright  position. 

Th«  chief  peculiarity  of  this  centre  is  to  be  seen  in  its 
•base*  This  demands  a  more  particular  attention:  but 
.we  must  first  make  some  observations  on  the  condition  of 
'  an  arch,  as  it  rests  on  the  centering  after  the  keystones 

are  all  set,  and  on  the  gradual  transference  of  the  pres- 

sure  from  the  bpards  of  the  centering  to  the  joints  of  the  • 
.  archstones. 

637.  While  all  the  archstones  lie  on  the  centering,  the 

lower  courses  are  also  leaning  pretty  strongly  on  eack 
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other'.     Biit  Vh«  mortar  id  hardly  cdin|ii*eS9CMl  in  the' 
joints ;  and  least  of  all  iti  the  joints  near  the  crown. 
Suppose  the  arch  to  be  Catenarian,  or  Of  any  other 
shape  that  is  perfectly  ^uilibrated :    When  the  center- 
ing is  ifradttally  withdrawn^  all  the  atthstbnes  fdllow  it 
Their  wedge-like  form  makes  this  impossible,  without 
the  middle  ones  squeesring  the  lateral  ones  aside.     This 
compresses  the  mortar,  between  them.    As  the  stoned 
thus  come  nearer  to  each  other,  those  hear  the  crovt^d^ 
mn^t  descend  thore  than  those  near  the  haunches,  be- 
fore every  stone  has  lessened  Its  didtiinbe  from  the  next 
by  the  same  quantity ;  for  eitanlpie,  by  the  hundredth 
part  of  an  inch.    This  circumstance  alone  diust  cause  a 
clnking  in  the  crown,  and  a  change  of  shape.    But  the 
joints  near  the  crown  are  already  more  open  than  those 
noar  the  haunches.    This  produced  a  siill  greater  change 
of  form  before  all  is  settled.     Some  masons  endeavour 
to  remedy,  or  at  least  to  duninish,  this,  by  using  nd 
mortar  in  the  joints  near  the  crown.     They  lay  the 
stones  dry,  and  even  force  theln  together  by  wedges  audi 
blocks  laid  between  the  stones  on  opposite  sides  of  thi} 
crown :    They  afterwards  pour  in  fine  cement.    This  ap« 
pears  a  good  practice.    Perro'net  rejects  it^  because  th6 
wedging  sometimes  breaks  the  stones.    We  should  not 
think  this  any*  great  harm ;   because  the  fracture  will 
make  them  close  whe^e  they  would  otherwise  lie  hollow;* 
But^  after  all  our  care,  there  is  still  a  sinking  Of  tli^ 
croiTn  of  the  ardi.    By  gradually  i^lthdraking  the  cen^ 
lering,  the  joints  dose,  the  archstoiies  begin  to  butt  oti 
each  other,  and  to  force  aside  the  lateral  courses.    This 
abutment  gradually   increasing^    the    pressure    on    the 
haunehes  of  the  centering  is  gradually  Siminished  by 
the  mutual  abutment^  and  cea^s  entirely  in  that  course^ 
which  is  the  lowest  that  formerly  pi'essed  it:    it  tbeh 
ceases  in  the  course  above,  and  then  in  the  third,  attd  so 
^n.    And^  in  thb  manner>  not  only  tlie  centering  quits 

TOL.  ii  .    2  z 
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tbe  arch,  gradually,  from  the  bottom  to  the  top,  bj^  wt9 
own  retiring  from  it^  but  the  arch  also  quits  the  centering 
hy  changing  its  shape.  If  the  centering  were  now  pushed 
up  again,  it  would  touch  the  arch  first  at  the  crown ; 
and  it  must  lift  up  that  part  gradually  before  it  come 
again  in  contact  with  the  haunches*  It  is  erident,  there- 
fore, that  an  arch,  built  on  a  centre  of  a  shape  perfectly 
suited  to  equilibration,  will  not  be  in  eqifilibrio  when 
ihe  centering  is  removed.  It  is  therefore  necessary  to 
form  the  centering  in  such  a  manner  (by  raising  the 
crown),  that  it  shall  leax}e  the  arch  of  a  proper  form. 
This  is  h  very  idelicajke  task,  requiring  a  previoos  know* 
ledge  of  the  ensuing  change  of  form.  This  cannot  be 
ascertained  by  the  help  of  any  theory  we  are  acquainted 
with. 

But,  suppose  this  attained,  there  is  another  difficult : 
While  the  work  advances,  the  centering  is  warped  by 
the  load  laid  on  }t,  and  continually  increasing  on  each 
side.  The  first  pressure  on  the  centering  forces  down 
the  haunches,  and  raises  the  crown.  The  arch  is  there^ 
fore  less  curved  at  the  haunches  than  is  intended :  the 
joints,  however,  accommodate  themselves  to  this  form, 
and  are  close,  and  filled  with  mortar.  When  tbe  masons 
approach  the  middle  of  the  arch,  the  frame  sinks  there 
and  rises  up  at  the  haunches.  This  opens  ail  the  joints 
In  that  place  on  the  upper  side.  By  the  time  that  the 
keystones  are  set,  this  warping  has  gone  farther ;  and  the 
joints  are  open  on  tbe  under  side  near  the  crown.  It  is 
triie  we  are  here  speaking  rather  of  an  extreme  ease,  when 
the  centering  is  very  flexible ;  but  this  occurred  to  Mr 
Perronet  in  the  two  great  bridges  of  Neuilly  and  of 
]^antz.  In  this  last  one,  the  crown  sunk  above  a  foot 
before  the  key  was  set,  and  the  joints  at  the  haunches 
opened  above  an  inch  abavCf  while  some  nearer  the  crown 
opened  near  a  quarter  of  an  inch  belofv* 

638.  In  this  condition  of  things^  it  is  a  delicate  business 


Digitized  by  VjOOQIC 


CfiNTkBS  FOR  BRIDGES.  691 

to*  strike  tl«*  centering.  Were  it  remored  in  an  instant^ 
atl  would  probably  come  down ;  for  the  archstonei  are 
not  yet  abiittfng  on  each  other,  and  the  joints  in  the 
middle  are  open  below.  Mr  Perfonet^s  method  appears 
to  us  t6  be  very  Judieibus.  He  began  (o  detach  the  cen- 
tering at  the  very  bottom,  on  each  side  equally,  where 
the  pressure  on  the  centering  is  very  slight.  He  cut  away 
the  bloelcs  which  were  immediaiely  under  each  archstone. 
He  proceeded  gradually  upwards  in  thi^  way  with  some 
speed,  till  all  was  detached  that  had  been  put  out  of  shape 
by  the  bending  of  ilie  centering.  T^hrs  being  no  longer 
supported^  sunk  InWard,  till  it  was  stopped  by  the  abut- 
ment which  it  foutid  on  the  archstones  near  tlie  crown, 
wWch  were  still  resting  on  their  blocks.  During  part  o^ 
this  process,  the  open  joints  opened  still  more,  anid  looked 
alarming.  This  was  owing  to  the  remoVal  of  the  load  ^ 
from  the  haunches  of  the  centering.  This  allowed  the 
<5rown  to  sink  still  mc)r6,  liy  forcing  out  the  archstones  at 
the  haunches.  He  now  paused  some  daysj^  and  diirjng 
this  time  the  two  haunches,  ndw  hanging  in  the  air,  gra- 
dually pressed  in  toward  the  centering,  their  outer  joints 
Closirig  in  the  meanwhile.  The  haunclies  were  now  press- 
ing pretty  hard  on  the  archstones  nearer  the  crown.  He 
then  proceeded  more  slowly,  destroying  the  blocks  and 
bridgings  of  these  upper  archstoifes.  As  soon  as  he  de- 
stroyed the  support  of  one,  if  immediately  yielded  to  the 
pressure  of  the  haunch;  and  if  the  joint  between  it  and 
the  one  adjoining  toward  the  crown  happened  to  be  open, 
whether  on  tHe  under  or  the  upper  side,  it  immediately 
closed  on  it.  But  in  proceeding  thus,  he  found  every 
stone  sink  a  Uttle  while  it  closed  on  its  neighbour;  and^ 
this  was  tike  to  produce  a  ragged  soffit,  which  is  a  defor- 
mity. He  therefore  did  not  allow  them  to  sink  so  touch. 
In  the  places  of  the  blocks  and  bridjgings  which  he  had 
cut  away,  he  set  small  billets,  standing  on  their  end^y  be- 
tween the  centering  and  the  archstones.  These  allowed 
the  pendulous  arch  to  ptuli  toward  the  crown  without 
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sensibly  descending;  for  the  bUlets  were  pushed  out  ot 
the  perpendicular,  and  some  of  them  tumbled  down. 
Proceeding  in  this  way,  be  advanced  to  the  very  next 
com'se  to  the  keystone  on  each  side>  the  joints  closing  ali 
the  way  as  he  advanced.  The  last  job  was  very  trouble- 
some ;  we  mean  the  detaching  the  three  uppermost  cotrser 
from  the  centering :  for  the  whole  elasticity  of  the  cen- 
tering was  now  trying  to  unbend,  and  pressing  hard 
against  them.  He  found  that  they  were  lifted  up;  for 
the  joints  beyond  them,  which  had  closed  completely* 
now  opened  again  beiow:  but'  this  job  was  finished  in 
one  day,  and  the  centre  sprung  up  two  or  three  inches,  and 
the  whole  arch  sunk  about  six  inches.  This  was  an  anxious 
time ;  for  he  dreaded  the  great  momentum  of  such  a  vast 
mass  of  matter.  It  was  hard  to  say  where  it  would  stop. 
He  had  the  pleasure  to  see  that  it  stopped  very  soon, 
settling  slowly  as  the  mortar  was  compressed,  and  after 
one  or  two  days  settling  no  more.  This  settling  was 
very  considerable  both  in  the  bridge  at  Neuilly  and  in  that, 
at  Mantz.  In  the  former,  the  sinking  during  the  work 
amounted  to  13  inches.  It  sunk  six  inches  more  when 
the  blocks  and  bridgings  were  taken  out,  and  li  when 
the  lit  tie  standards  were  destroyed,  and  1|  more  next 
day ;  so  that  the  whole  sinking  of  the  pendulous,  arch  was 
91  inches,  besides  what  it  had  sunk  by  the  bending  and 
compression  of  the  centering  *. 

The  crown  of  the  centering  was  an  arch  of  a  circle  de- 
scribed Tfith  a  radius  of  150  feet;  but  by  the  sinking  of 
the  arch  its  shape  was  considerably  changed,  and  about 
60  feet  of  it  formed  an  arch  of  a  circle  whose  radius  was 
244  feet.  Hence  Mr  Perronet  infers,  that  a  semicircle  of 
500  feet  span  may  be  erected.  It  would  no  doubt  be 
stronger  than  this  arch,  because  its  greater  horizontal 
thrust  would  keep  the  stones  firmer  together.  The  sink- 
ing of  the  arches  at  Mantz  was  not  quite  so  great,  but 
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<^i7  thing  proceeded  in  the  same  waj.  It  amounted  in 
•11  to  80^  inches,  of  which  12  inches  were  owing  to  the 
compression  and  bending  of  the  centering. 

699.'  In  Fig.  5.  No.  1.  may  be  observed  an  indication  of 
this  procedure  of  the  masonry.  There  may  be  noticed  a 
horizontal  line  a  e,  and  a  diagonal  a  b.  These  are  sup- 
posed to  be  drawn  on  the  masonry  as  it  would  have  stood 
had  the  frames  not  yielded  during  the  building.  The 
dotted  line  A  ftV  shews  the  shape  which  it  took  by  the 
•inking  of  the  centering.  The  dotted  line  of  the  other 
side  was  actually  drawn  on  the  nuisonry  when  the  key- 
stone was  set :  and  the  wavy  black  line  on  the  same  side 
shews  the  form  which  the  dotted  line  took  by  the  striking 
of  the  centering.  The  updulated  part  of  this  line  cuts  its 
former  position  a  little  below  the  middle,  going  without 
it  below,  and  falling  within  it  above.  This  shews  very 
distinctly  the  movement  of  the  whole  masonry,  distin-' 
guishing  the  parts  that  were  forced  out,  and  the  parts 
which  sunk  inward. 

We  presume  that  the  practical  reader  will  think  this 
account  of  the  internal  movements  of  a  stupendous  arch 
very  instructive  and  useful.  As  Mr  Perronet  observed  it 
to  be  uniformly  the  same  in  several  very  large  arches 
which  he  erected,  we  may  conclude  that  it  is  the  general 
process  of  nature.  We  by  no  means  have  the  confidence 
in  the  durability  or  solidity  of  his  arches  which  he  pru^* 
dently  professes  to  have.  We  have  conversed  with  some 
very  experienced  masons,  who  have  also  erected  very 
great^  arches,  and  in  very  difficult  situations,  which  have 
given  universal  satisfaction ;  and  we  have  found  them 
uniformly  of  opinion,  that  an  arch  which  has  settled  to 
such  a  proportion  of  its  curvature  as  to  change  the  radius 
from  160  to '244  feet,  is  in  a  very  hazardous  situation. 
They  think  the  hazard  the  greater,  because  the  span  of 
the  arch  is  so  great  in  proportion  to  its  weight  (as  they 
express  it  very  emphatically)  or'4ts  height.    T'fae  weighty 
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6ay  ihej^  of  the  haunches  is  tpo  small  for  forcing  tagrtber 
the  keystones,  which  have  scarcely  any  wedg^-like  fora& 
to  keep  them  from  sliding  dgwq.  This  is  very  good  rea* 
soning,  and  expresses  very  familiar  notions.  The  me- 
chanician would  say,  that  the  horinsontal  thrust  at  the 
crown  is  too  s^iall.  When  we  questioned  them  about  the 
propriety  of  Mr  PerroneCs  method  of  removing  the  cen- 
tering, they  unanimqusly  approved  of  its  general  prin- 
ciple, but  said  t^at  it  was  very  ticklish  indeed  ip  the  ex- 
ecution. The  cases  which  he  narrates  were  new  to  them* 
They  should  have  almost  despaired  of  success  with  arches 
which  had  gone  so  much  out  of  shape  by  the  bending  of 
the  centres ;  because,  said  they,  the  slope  of  the  center- 
ing, tq  a  great  distance  from  the  crown,  was  so  little^ 
that  the  archstones  could  not  slid^  outwards  along  it,  to 
close  even  the  under  side  of  the  joints  which  bad  opened 
,  above  the  haunches ;  so  that  all  the  archstones  were  at 
too  great  a  distance  from  each  other ;  and  a  great  and 
gtjural  subsiding  of  the  whole  was  necessary  for  bringing 
them  even  to  touch  each  other.  They  had  w^vtr  ob- 
served such  bendings  of  the  centerings  which  (hey  had  em- 
ployed, having  never  allowed  themselves  to  contract  the 
feet  of  their  trusses  into  such  narrow  spaces.  They  ob- 
served, that  nothing  but  lighters  with  their  masts  down 
can  pass  under  the  trusses,  and  that  the  sides  must  be  so 
protected  by  advanced  works  from  the  accidental  shock 
of  a  loaded  bpat,  that  there  cannot  be  left  room  for 
more  than  one.  They  added*  that  the  bridges  of  com- 
munication, necessary  for  the  expeditious  conducting  of 
the  work,  made  all  this  supposed  roominess  useful :  be- 
sides, the  business  can  hardly  be  so  urgent  and  crowded 
anywhere,  as  to  make  the  passage  through  every  arch  in- 
dispensably necessary.  Nor  was  the  inconvenience  of 
this  obstruction  greatly  complained  of  during  the  erec- 
tion of  Westminster  or  Blaekfriars  bridges. 
7bese  appeared  to  us  good  reasons  for  preferring  tb« 
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more  owtiMSy  and  ineomparablj  more  secure,  eonstruc- 
tion  of  Mr  Mylae,  in  wUch  the  breadth  given  to  eaeh 
base  of  the  tniMes  pennitted  a  much  more  eflective  dis^ 
position  of  the  abutting  tiniber8»  and  also  enabled  the 
mgineer  to  make  it  incomparably  stiffer;  so  that  no 
change  need  be  apprehended  in  the  joints  which  have  al- 
ready closed,  and  in  which  the  mortar  has  already  taken 
ks  set,  and  commenced  an  union  that  never  can  be  restor- 
ed if  it  be  once  broken  in  the  snudlest  degree,  no  not  ev^ 
by  greater  compression. 

640.  Here  we  beg  leave  to  mentiim  our  notions  of  the 
connection  that  is  formed  by  mortar  composed  o(  lime 
or  gypsum.  We  consider  it  ad  consisting  chiefly,  if  not 
solely,. in  a  crystallization  of  the  line  or  gypsnm  and 
water.  Ab  much  water  is  taken  up  as  is  necessary  fyf 
the  formation  of  the  crystals  during  their  giadual  eon- 
▼ersion  into  mild  calcareous  earth  or  alabaster,  and  the 
rest  evaporates.  When  the  free  access  of  air  is  absolutely 
prevented,  the  crystallisation  never  proceeds  to  that  state, 
even  although  the  mortar  becomes  extremely  dry  and 
hard.  We  had  an  opportunity  of  observing  this  acci- 
dentally, when  passing  through  Maestricfat  in  1770,  white 
they  were  cutting  up  a  massy  revetment  of  a  part  of  the 
fortifications  more  than  900  years  .old.  The  mortar  be- 
tween tbe  bricks  was  harder  than  the  bricks  (whicii  were 
Dotch  dinkers,  such  as  are  now  used  only  for  tbe  greatest 
loads) ;  but  when  mixed  with  water  it  made  it  lime  water, 
seemingly  as  strong  as  if  fresh  lime  had  been  used.  We 
observed  the  same  thing  in  one  small  part  of  a  huge 
mass  of  ancient  Roman  work  near  Romney  in  Kent; 
but  the  rest,  and  all  the  very  old  mortar  that  we  have  seen, 
was  in  a  mild  state,  and  was  generally  much  harder  than 
what  produced  any  lime  water.  Now  when  the  mortar 
in  tbe  joints  has  begun  its  first  crystallization,  and  is  al- 
lowed to  retxialnin  perfect  rest,  we  are  confident  that  the 
subsequent  crystals,  whetlier  of  time  or  of  calcareof^ 
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^arth,  or  of  gypsuixi,  will  be  muck  laiyer  and  8trQiig«# 
than  can  ever  be  pr^uced  if  they  are  once  broken ;  and 
tix^  farther  that  this  crystallisiation  has  been  cairied,  that 
it,  the  harder  th$t  the  mortar  has  become,  less  of  it^ 
remains  to  take  any  new  crystallization.  Why  should  it 
be  otherwise  here  than  in  every  other  pry&taUizAtion  thai 
we  are  acquainted  with  ? 

.  641.  We  think  therefore  that  it  is  of  great  eoBsequenoe 
to  keep  the  joints  in  their  j£r«(  state  if  passible;  and 
that  the  strength  (as  far  as  it  depends  on  the  mortar) 
is  greatly  diminished  by  their  opening';  espedally  when 
the  mortar  has  quired  considerable  hardness,  which  it 
will  do.  in  a  month  or  svf,  weeks,  if  it  be  good.  The 
tohesion  given  by  mortar  is  indeed  a  mere  trifle,  when 
0|)tposed  to  a  force  which  tends  to  open  the  joints^  act- 
ing, as  it  genially  does,  with  the  transverse  force  al  a 
lever :  but  in  situ^tion^  where  the  overload  on  any  pai^ 
ticular  archstonea  tend^  to  push  th^  down  through  ber 
tween  their  neighbpurs^  like  wedges,  the  cohesion  of  thf 
mortar  is  then  of  very  great  consequence^ 

We  must  make  another  observation.  Mr  ferrooet^ 
ingenious  process  tended  very  effectual]^  to .  close  the 
joints.  In  doing  this,  th?  forces  which  he  brought  into 
action  had  Ut^le  to  oppose  them;  but  ^  soon  as  they 
were  closed,  t^e  contact  of  the  parts,  (ormerly  open, 
opposed  an  obstruction  incoQiparably  greater,  and  imme* 
diately  balanced  a  for^  which  was  but  just  able  to  turn 
the  stone  gently  about  %h^  two  f  dges  in  which  it  touched 
the  adjoinipg  stones.  This,  is  a9  important  remarl^ 
though  seemingly  very  trifling ;  and  we  wish  the  pnM> 
titioner  to  have  a  very  clear  conception  of.it;  but  it 
would  take  a  multitude  of  words ^ to  explain  it.  It  is. 
worth  an  eiperimenjt*  Form  a  little  arch  of  wooden 
blocks ;  and  form  one  of  these  so,  that  when  they  are 
all  resting  on  the  centering,  it  may  be  open  at  the  outer 
joint-^BemoveL  the  cent$ring--*Then  [uress  op  the  ar^b^ 
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al  soiM  distnce  irom  the  open  joint.-~Yoa  will  find 
that  B  rerj  small  pressure  will  malce  the  arch  bend  till 
that  joint  doses-^Press  a  little  harder,  and  the  arch  will 
bend  more,^  aftd  the  next  joint  will  open.— Thus  you  will 
J6nd  that,  by  pressing  alternately  on  each  side  of  the  open 
joint,  that  stone  can  easily  be  made  to  flap  over  to  either 
aide ;  and  that  immediately  after  this  is  done  the  rests- 
tmce  incnaset  greatly.  This  shews  dearly,  that  a  rerj 
JBoderate  force,  judidously  employed,  will  close  the  joints, 
■bot  will  not  press  the  parts  strongly  together.  The 
joints  therefore  are  cfofcit,  but  mo  more  than  cloniy  aud 
are  hanging  only  by  the  edges  by  which  they  were  hang*  ' 
.ing  while  the  joints  were  open.  The  arch,  therefore^ 
•thottgh  apparently  close  and  firm,  is  but  loose  and  tot* 
taring.  Mr  Perronet  says,  that  his  arches  were  finn^ 
Jiacadse-  hardly  a  stone  was  obserred  to  chip  or  splinter 
oflf  at  the  edges  by  the  settlement  But  he  had  dona 
.every  thing  to  prevent  this^  by  digging  out  the  mortar 
from  between  the  headers,  to  the  depth  of  two  inches, 
with  saws  made  on  purpose.  But  we  tfe  well  informed^ 
•that  before  the  year  1791  (twenty  years  after  the  erec- 
tion) the  arches  at  Neuilly  had  sunk  very  sensibly,  and 
that  very  large  splinters  had  flown  off  in  several  phicesu 
.It  could  not  be  otherwise. 

642.  The  original  construction  was  too  bold;  wemajr 
aay  needlessly  and  ostoitatiously  bold.  A  very  gentle 
dope  of  the  roadway,  which  would  not  have  slackened 
the  mad  gallop  of  a  dvcal  carriage,  nor  sensibly  checked 
the  laborious  pqll  of  a  loaded  waggon,  and  a  proper  dif« 
fereqce  in  the  size  of  the  arches,  would  have  made  this 
wonderful  bridge  incomparably  stronger,  and  also  muck 
.more  elegant  and  pleasing  to  the  eye.  Indeed,  it  is  far 
from  being  as  handsome  as  it  might  have  been.  The 
ellipse  is  a  most  pleasing  figure  to  every  beholder ;  but 
tbia  is  concealed  as  much  as  possible,  and  it  is  attempted 
.  t9  l^iye  the  whole  the  appearance  of  a  trem^oas  linteL 
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with  a  thick  and  smooth  plate  of  copper.  The  feef  o^ 
the  truss  were  mortised  into  a  similar  piece  F,  which 
may  be  called  the  sole  of  the  truss,  having  its  lower  side 
Botched  in  the  same  manner  with  the  upper  side  of  D, 
and  like  it  covered  with  copper.  Between  these  two 
lay  the  btrikino  wbdob  £,  the  faces  of  which  correspond 
exactly  with  the  slant  faces  of  the  seat  and  the  sole. 
The  wedge  was  so  placed^  that  the  corresponding  faces 
touched  each  other  for  about  half  of  their  length.  A 
block  of  wood  was  put  in  at  the  broad  end  or  base  of 
this  wedge,  to  keep  it  from  slipping  back  during  the  lay- 
ing the  archstones.  Its  outer  end  E  was  bound  with  iron, 
and  had  an  iron  bolt  several  inches  long  driven  into  it. 
The  head  of  this  bolt  was  broad  enough  to  cover  the 
whole  wood  of  the  wedge  within  the  iron  ferrule. 

We  presume  that  the  reader,  by  this  time,  foresees  the 
use  of  this  wedge.  It  is  to  be  driven  in  between  the  sole 
and  the  seat,  having  first  taken  out  the  block  at  the  base 
of  the  wedge.  As  it  advances  into  the  wider  spaces,  the 
whole  truss  must  descend,  and  be  freed  from  the  arch ; 
but  it  will  require  prodigious  blows  to  drive  it  back. 
JM r  Mylne  did  not  think  so,  founding  his  expectation  on 
what  he  saw  in  the  launching  of  great  ships,  which  slide 
very  easily  on  a  slope  of  10  or  12  degrees.  He  rather 
feared,  that  taking  out  the  block  behind  would  allow  the 
wedge  to  be  pushed  back  at  once,  so  that  the  descent  of 
ihe  truss  would  be  too  rapid.  However,  to  be  certain 
of  the  operation,  he  had  prepared  an  abundant  force  in  a 
very  ingenious  manner.  A  heavy  beam  of  oak,  armed 
at  the  end  with  iron,  was  suspended  from  two  points  of 
the  centre  like  a  battering  ram,  to  be  used  in  the  sam^ 
manner.  Nothing  could  be  more  simple  in  its  structure, 
more  powerful  in  its  operation,  or  more  easy  in  its  manage- 
ment. Accordingly  the  success  was  to  his  wish.  The 
wedge  did  not  slip  back  of  itself;  and  very  moderate 
blows  of  the  ram  drove  it  back  with  the  greatest  ease". 
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The  whde  {qperation  was  over  in  a  very*  feir  minutes*. 
The  spectators  had  suspected,  that  the  space  allowed  for 
the  recess  of  the  wedge  was  not  suiBScient  for  the  settle- 
ment of  the  arch ;  but  the  architect  trusted  to  the  pre- 
^cautions  he  had  taken  in  its  construction.  The  reader^ 
by  turning  to  the  article  Arch,  will  see,  that  th^re  was 
only  the  arch  LY  which  could  be  expected  to  settle :  ac- 
cordingly, the  recess  of  the  wedge  was  found  to  be  mucb 
more  than  was  necessary.  However,  had  this  not  been 
the  case,  it  was  only  necessary  to  take  out  the  pieces 
between  the  posts  below  the  seat,  and  then  to  drive  back 
the  heads  of  the  struts ;  but  this  was  not  needed,  we  be- 
lieve, in  any  of  the  arches.  We  are  well  assured  that 
none  of  the  arches  sunk  an  inch  and  a  half.  The  great 
arch  of  100  feet  span  did  not  sink  one  inch  at  the  crown. 
It  could  hardly  be  perceived  whether  the  arch  quitted  the 
centering  gradually  or  not,  so  small  had  been  the  changes 
of  shape. 

646.  We  have  no  hesitation  in  saying,  that  (if  we  ex- 
cept some  waste  of  great  timber  by  uncommon  joggling) 
the  whole  of  this  performance  b  the  most  perfect  of  any 
that  has  come  to  our  knowledge. 

647*  '^he  subject  which  we  have  been  considering  ia 
very  closely  connected  with  the  construction  of  wooden 
bridges.  These  are  not  always  constructed  on  the  sole 
principles  of  equilibrium,  by  means  of  mutual  abutment. 
They  are  stiff  frames  of  carpentry,  where,  by  a  proper 
disposition,  beams  are  put  into  a  state  of  extension,  as 
well  as  of  compression,  so  as  to  stand  in  place  of  solid 
bodies  as  big  ^  the  spaces  which  the  beams  inclose; 
and  thus  we  are  enabled  to  couple  two,  three,  or  four  of 
these  together,  and  set  them  in  abutment  with  each 
other  like  mighty  archstones.  We  shall  close  this  ar? 
tide,  therefore,  with  two  or  three  specimens  of  wooden 
bridges,  disposed  in  a  series  of  progressive  composition^ 
so  as  to  serve  as  awrt  of  introductjip UUi^  f^  i^Q  gene*. 
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tal,  and  furnish  a  printipk  ^hieh  will  enable  the  Intelli- 
gent and  cautious  artist  to  pnsh  it  with  confidence  as  far 
as  it  can  go. 

The  general  profcfenr  U  thisr.  Sti^^posc  that  a  Bridge  is  to 
he  thrown  over  the  space  AB  (PL  XII.  Fig.  3.),  and  that; 
this  is  too  wide  fbt  the  strength  of  the  si^e  of  timber 
which  is  at  our  commstnd ;  hoiiir  may  thld  beam  AB  be' 
anpported  with  sufllcSei!*  effefct  f  There  are  but  two 
Ways  itt  which  the  middfe-  point  C  (where  the  greatest 
ilrain  is)  can  be  supported:  1.  It^  may  be  sui^nded  by 
two  ropes,  iron  rods,  or  woocfcn  ties,  DC',  E<?,  made 
fast  ta  two  firm  points  D,  E,  above  it ;  or  it  may  rest  otf 
the  ridge  of  two  rafters  d  C,  e  C,  which  re^t  on  two  firm* 
points  if  r^  below  it.  2,  tt  may  be  supported  by  coif- 
necting  it  with  a  poi^t  so  supported^  and'  this  cdtinec- 
tion  may  be  formed^  either  by  su^endhig  it  hoth  tfaii 
^int)  or  by  a  post  resting  on  it.  Thus  it  may  hang,  by' 
means  of  a  rod  or  a  king-post  FC,  from  the  ridge  F  of 
two  rafters  AF,  BF ;  or  it  may  rest  on  the  stl-ut  C  /, 
whose  lower  extremity  /  is  carried  by  the  ropes,  rods,  oi' 
wooden  ties  A/,  B/ 

Whichsoever  of  these  methods  we  employ,  it  follows, 
from  the  principles*  cyf  carpentry,  that  the  support  given 
to  the  point  C  is  so  much  the  more  powerful,  as  we  mate 
the  mgU  DCE,  or  d  C  ^,  or  the  equivalent  angles  AFB, 
or  A/B,  more  acute. 

Each  of  these  methods  rtiay  be  supposed  equafty  strong. 
Our  choice  will  depend  chiefly  on  the  facility  of  finding 
the  proper  points  of  Support  D,  %  d,  e;  except  in  the 
second  case,  where  we  reqtiire  no  fixed  points  but  A  and 
B;  The  simple  forms  of  the  first  case  require  a  great 
extent  of  figure.  Very  rarely  can  we  sospend  it  from 
points  situated  as  D  and  E.  It  is  even  seldom  that  we 
have  depth  enough  of  bank  to  allow  the  support  of  tbcf 
rafters  iC^eC;  but  we  can  always  find  room  for  the 
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practised. 

648.  In  the  coastnietion>  we  raiut  follow  the  maxims 
and  directions  prescribed  in  onr  articles  CARPBNTftY  and 
BooF.  The  beams  FA,  FB,  must  be  mortised  into  AB; 
in  the  firmest  mariner,  and  there  secured  with  straps  and 
bolts ;  and  the  middle  must  hang  by  a  strap  attached  ta 
the  king-post  FC,  or  to  the  iron  rod  that  is  used  for  • 
king-post  No  aaortising  in  the  point  C  niust  be  em<- 
ployed;  it  is  unnecessary,  and  it  is  hurtfal,  because  it 
weakens  the  beam,  and  because  it  lodges  water,  and  soon 
decaja  by  rot*  The  best  practice  is  not  to  suspend  the 
beam  immediately  by  this  strap,  but  to  let  it  rest,  as  in 
Fig*  4.  on  a  beam  C,  which  cn^sses  the  bridge  below,  and 
has  ita  other  end  supported  in  the  same  manner  by  tho 
0ther  truss. 

It  is  evident  that  the  length  of  the  king-post  has  no 
effect  on  the 'support  of  C.  We  may  therefore  contract 
eyery  thing,  and  preserve  the  same  strength  of  support^ 
by  finding  two  points  a  and  b  (Fig.  5.)  in  the  banks, 
at  a  moderate  distance  below  A  and  B,  and  setting  up 
the  rafters  o  F,  6  F,  and  suspending  C  from  the  short- 
ened king-post.  In  this  construction,  when  the  beani 
AB  rests  on  a  cross  bearer,  as  is  drawn  here,  the  struts 
a  F,  fr  F,  are  kepi  clear  of  it.  No  connection  between 
them  is  necessary,  and  it  may  be  hurtful,  by  inducing 
cross  strains  on  both.  It  will,  however,  greatly  increase 
the  stiffness  of  the  whole.  This  construction  may  safely 
be  loaded  with  ten  times  the  weight  that  AB  can  carry 
alone. 

649.  Suppose  this  done,  and  that  the'  scantling  of 
AB  is  too  weak  for  carrying  the  weight  which  may  be 
brought  on  the  parts  AC,  CB.  We  may  now  truss 
up  each  half,  as  in  Fig.  6.  and  then  the  whole  will 
form  a  handsome  bridge,  of  the  simplest  construction 
possible.    The  intersections  of  the  secondary  braces  with 
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those  of  the  main  truss  will  form  a  haod^raii  of  h^rtitbhff 
figure. 

.  We  are  not  confibed  to  the  employilieyit  Of  an  entire 
pieee  AB,  nor  to  a  rectilineal  form.  We  majr  frami;' 
the  bridge  as  in  Fig.  7.  and  ia  this  form  we  dissuade 
firom  allowing  any  connection  with  the  middle  points 
ef  the  main  braces.  This  construction  also  maj  be  fol- 
h>wed  till  each  beam  AC  and  CB  is  loaded  to  tea 
times  what  it  can  safely  bear  without  the  secondary 
trussing. 

650.  There  is  another  way  by  which  a  bridge  of  one 
beam  may  be  supported  beyond  the  power  of  the  first  and 
simplest  construction.  This  is  represented  in  Pig.  8. 
and  Fig.  9.  The  truss  beam  F6  should  occupy  one- 
third  of  AB.  The  advantage  of  this  construction  is  very 
considerable.  The  great  elevation  of  the  braces  (whichr 
is  a  principal  element  of  the  strength)  is  preserved^  and 
the  braces  are  greatly  shortened.  ) 
.  This  method  may  be  pushed  still  farther^  as  in  Fig.' 
10. 

651.  And  all  these  methods  may  be  combined,  by  join- 
ing  the  constructions  of  Fig.  8.  and  Fig.  9^  with  that  of 
Fig-  10. 

In  all  of  them  there  is  much  room  for  the  display  of 
skill,  in  the  proper  adjustment  of  the  scantling  of  the 
timber,  and  the  obliquity  of  the  braces  to  the  lengths 
of  the  different  bearings.  A  very  oblique  strutj  or  a 
slender  one,  will  suffice  for  a  small  load,  and  may  often 
give  an  opportunity  to  increase  the  general  strength; 
while  the  great  timbers  and  upright  supports  are  reserv. 
ed  for  the  main  pressures.  Nothing  will  improve  the 
composition  so  much  as  reflecting  progressively^  and  in 
the  order  of  these  examples,  on  the  whole.  This  alone 
can  preser^^e  'the  great  principle  in  its  simplicity  and  full 
energy. 
.   652.  These  constructions  are  the  elements  of  ali  that 
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caft  be^dMie  ia  the  art  df  bmlte^  wooden  bndges,  sAd  are 
to  be  found  more  or  less  otmously'and  distkiedy  in  all  ati  . 
temptoof  llnsliSiid.  We  itiay  asBert,  that  the  more  obvi- 
oudy  diey  apj^ear^  the  more  pextect  the  bridge  will  be.  *  It 
is  astofikhkig  to  what  extsent  die  prindple  may  be  carried^ 
Wehl^e  seen  afaij^  of  4£  feet  span  formed  of  two  oak 
trusses,  the  biggest  timber  of  whidi  did  not  exceed  Ax 
inAea  square,-  bearing  inth  perfect  stea^ness  and  safety  a 
waggon  loaded  with  more  than  two  tons,  drawn  bjfoOi^ 
stout  horses.  It  was  fiamed  as  Fig.  l6.  nearly,  witfi  the 
addition  of  the  dotted  lines,  and  was  near  thirty  years  old; 
protected,  however,  from  die  weather  by  a  wooden  roof,  as 
many  bridges  in  Germany  are. 

We  recollect  another  in  the  nrighbouihood  of  Stettin, 
whkh  seemed  constructed  with  great  judgment  and  spirit. 
tt  had  a  carriage-road  in  the  middle,  about  80  feet  (we 
'  think)  wide,  and  on  each  side  a  foot-way  about  fire  feet 
wide.  The  span  was  not  less  than  60  feet^  aAd  tlie  great- 
est scantling  did  not  appear  to  exceed  10  inches  by  6; 

This  bridge  consisted  of  four  trusses,  two  of  whith  fonin-i 
ed  the  outside  of  the  bridge,  and  the  other  two  made  the 
separation  between  the  carriage-road  and  the  two  foot-waysl 
We  noticed  the  construction  of  the  trusses  very  particulari 
ly,  and  found  it  similar  to  the  last,  except  in  the  middle  di- 
Yiaon  of  the  upper  truss,  which,-  being  very  long,  was 
douMe^trtissed,  as  in  Fig.  17. 

The  reader  will  find  in  that  volume  of  Leupold's  Thetu 
irum  Machmarumf  which  [he  calls  Theatrum  Pontificum^ 
many  specimens  of  wooden  bridges,  which  are  very  frequent  ' 
in  the  diampmn  parts  of  Germany.  They  are  not,  in  ge- 
neral, modds  of  mechanic  art ;  but  the  reflecting  reader, 
who  oonriders  them  carefulb/^  will  pick  up  here  and  there 
subordinate  hints,  which  are  ingenious,  and  may  sometimes 
be  useful. 

What  we  have  now  exhibited  are  not  to  be  considered' as 
models  of  construction,  but  as  elementary  examples  and 

YOL.  I.  2  y 
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IfiSflnpi,  for  IfiiKliiig  4ie  i<eii4cv  qf^tflwrtimBy  ialoAthi^* 
rqu|^  oonoBptiDn  of  tl|^  sulg^ot. 

658,  We  cannot  quit  tl^e  ^vbjfi^  witfidnt  ^ki^  noliee 
of  a  vcTf  wonderful  bi^M]ge  |tt  W>^^^ngw.  ui  3^<»rliinJU 
alighdy  described  1:^  Mr  Coxe  .{7Vapi2c  yot.  I»  13S.) 
It  is  oif^  oonstructioii  mote  Ampk  alitt  tbm  the  bddlgw 
wte  have  be^  ^^KrUn^g*    The  span  is  1190  fiiet,  and  it 
rises  only  2&    The  Bk«tcb  {Kg.  1&)  will  ajuAw  k  «u£. 
ficient^y  intelliigible*    ABC  is  one  of  tl^  two  g/nafi  Mtdtett 
approacbing  19  a  Qatenarian  sh^ie,  buik  up  of  seven 
ooorses  of  solidf  logs  of  oak,  in  lengths  of  lit  or  14  ft^ 
and  16  inches  or  more  in  thickness*    These  are  all  faoksfl 
of  a  natural  shiqpe,  suited  to  the  intended  curve;  so  that 
the  wood  is  nowhere  cut  acroas  the  grsin  to  tziiB^  it  into 
shape,    lliese  legs  art^  l«d  above  each  other,  so  th^ 
abutting  joints  are  alternate,  like  thpod  of  a  brick-i^l;  and 
it  is  indeed  a  woodenrwall.  smply  built  up,  by  laying  the 
pieces  upon  each  other,  talung  ^e  to  make  the  abuttieg 
joints  as  dose  as  posaUe.    They  are  not  fastened  together 
by  pina  w  bolts,  or  l^  aqarfings  of  any  kind.    Th^  are^ 
however,  held  together  by  iron  straps,  which  eunound 
them,  at  the  diatttioe  of  five  feet  ftom  each  other,  where 
they  are  fitftened  by  bolts  and  kcja. 

Theae  two  arches  having  been  ereoCed  (by  tl^  help,  w# 
presume,  of  pillars,  or  a  ceoterii^  of  spme  kuid),  and  well 
batted  against  the  rock  on  eadi'side^  were  freed  &pm  tlieir 
aupperts,  and  allowed  to  settle^  They  fve  so  phM»l^  that 
the  intended  road  abc  intersecto  thorn  about  the  middle  of 
theirheight^  The  road-way.  iasiqiported  by  cross  joists^ 
which  rest  on  a  long  horizontal  summer  beam.  This  is 
connected  with  the  arches  <m  each  Ade  bj  uprights  bolted 
into  them.  The  whole  is  covered  with  a  roof*  which  pro. 
jects  over  the  anrhes  on  each  side,  to  defend  them  ftom^thc 
weather.  Three  of  the  spaces  between  these  uprights  have 
struts  or  braces,  which  ^ve  the  upper  work  a  sort  of  trass- 
mg  in  that  part 
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ThboonMiiettoiibdiiipIettidiBrtl^  andRppean^by 
Ae  attempt  tatr  ins  die  ends,  to  be  die  perfismumoeofa 
person  ignorant  of  principle  who  has  taken  the  whole  no- 
tion fnnn  a  sfone  ardL  It  is,  howeV^,  of  a  strength  mac3i 
moorethanadeqnaite  toan^load  thatcanbehudonit.  Mr 
Coxe  says,  but  does  not  explain  how,  that  it  is  so  oontmed 
that  any  part  of  it  can  be  repaired  independent  oPthe  rest 
It  Iras  the  last' wDrk  dFone  tJllSdi  Gnibennuum  of  Tuflbn, 
ill  the  canton 'of  Appencel^  a  carpenter  without  education^ 
but  celefarated  ibr  sereral  wdil^  oF  the  same  ki^ ;  par- 
ticularly the  bridge  over  the  Rhine  at  Schaffhausen,  oon- 
nstii^  of  two  ardies,  one  of  ITSt  and  the  olher  of  198 
feet  span,  both  resting  on  a  small  rock  near  the  middle  of 
(hcriyer.* 

While  writing  this  article,  we  got  an  account  of  a 
wooden  bridge  erected  in  North  Anfierica^  in  whidi  tins 
sfanple  notion  of  Chnbenmann's  is  mightily  improved.  The 
span  of  tile  arch  was  said  to  exceed  S0O  feet,  and  its 
rise  exceedb^y  small.  The  description  we  got  is  very  ge- 
neral, but  sufident,  we  think,  to  make  it  perfectly  Intel- 
ngiADle* 

W*.  In  Fig.  19.  BD,  BE,  FF,  are  supposed  to  be  three 
beams  of  the  arch.  They  ooririst  of  togs  of  timber  of  smaD 
lengths,  suppose  of  19  or  12  feet,  such  as  can  be  found  of 
a  curvature  suited  to  its  jime  in  the  arch  without  trimming 
it  across  tiie  gnun.  Each  beam  is  double,  consisting  of 
two  logs  appBed  to  each  other,  side  to  mde,  and  hredJAng 
jAnt^  as  the  workmen  term  it.  They  are  kept  together by^ 
wedges  and  keys  driven  through  them  at  short  intervals, 
as  at  K,  L,  &c. 

The  manner  of  joining  and  strongly  Unding  the  two 
ride  pieceis  of  each  beam  is  shown  in  Kg.  SO.    The  mortise 

*  Drawings  of  this  remarkable  bridge,  which  is  now  destroyed^ 
wHl  be  found  in  the  Edihbvboh  Enctclop^dia,  vol.  IV.  p.  35S, 
Plates  L1CXXIX  mid  !K€.—Sd. 
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ai  c£  and  dc  to,  which  is  cut  in  each  half  lieam,  in 
.derably.  longer  on  the  outnde  tbap  on  the  inside,  where  the 
two  mortises  meet  Two  keys^  BB  and  CC,  aire  formed, 
^eachj  with  a  notdi  bed,  or  a ip,  aa  its  ride ;  which  notcii 
.fits  one  end  of  the  mortise.  The  inner  ride  of  the  ksj^  is 
straight^,  but  so  fonned,  that  when  both  keys  are  in  thmr 
•  places,  they  leave  a  space  between  them  wider  at  one  mad 
than  at  the  other.  A  wedge  AA>  hai^g  the  same  taper 
as  the  space  just  mentioned^  is  put  into  it  and  driven 
hard.  It  b  evident  that  tins  must  hold  the  two.  logs  fino- 
\y  together. 

;  This  is  a  way  of  uniting  timber  not  mention^  in  the 
article  Carpshtby  ;  and  it  has  some  peculiarities  worthy 
of  notice.  In  the  first  place,  it  may  be  employed  so  as  to 
produce  a  very  strong  lateral  connexion,  and  would  then 
co*operate  finely  with  the  other  artificial  methods  of  scarf- 
ing^ and  tabling  that  we  described  in  the  article  referred  to. 
But  it.  reqilires  nice  attention  to  some  ciixnimstmpes  of 
construction  to  secure  this  effect.  If  the  joints  are  aocu- 
M^y  .formed  to. each  .other^  as  if  the  whole  )uk1  been 
one  piece  divided  by  an  infinitely  thin  saw,  this  manner 
of  jouung  will  keep  them  all  in.  their  ^^aoes.  ,  But:no  driv- 
ing of  the  wedge  AA  will  make  them  firmer,  or  cause 
one  piece  to  press  hard  on  the  other.  If  the  abutment  of 
two  parts  of  the  half  beam  is  already  ck)se,  it  will  remaiA 
so;  but  if  open  in  the  smallest  degree,  the  driyiqg  of  the 
wedge  will  not  make  it  tighter.  In  this  respect^  there- 
f9ie,  it  is  not  so  pepper  as  the  forms  described  in  Cas- 

In  order  that  the  method  now  described  may  have  the 
eflfect  of  drawkig  the  halve»of  the  beams  together,  and  of 
keeping  them  hard  squeezed  on  each  other,  the  joints  must 
be  made  so  as  not  to  correspond  exactly.  The  prominent 
angle  aio  (Fig.  21.),  formed  by  the  ends  of  the  two  half 
mortises,  must  be  made  a  littie  more  obtuse  than  the  angle 
a^o  of  the  notch  of  the  key  which  tbb  prominence  is  in- 
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tended  to  fill  iq>^  Moreorer,  the  opposite  ^kle  et  of  this 
key  flhould  not  be  quite  stnight,  but  a  veiy  little  convex. 

With  these  precautious,  it  is  easy  to  see  that,  by  driving 
t|ie  wedge  AA»  we  cause  the  notch  afo  to  take  hold,  first 
at  the  two  points  a.and  o,  and  then,  by  continuing  to  drive 
'  the  wedge,  the  sides  afi  of^  of  the  notch  gradually  con- 
press  the  wood  of  the  half  beams,  and  press  them  on  each 
other.  By  oontiniiing  to  drive  the  wedge,  the  mutual  com- 
pressioii  of  the  kfy  and  the  beam  squeezes  all  together, 
and  the  epace  afoi  is  comfdetely  filled  up.  We  may  see, 
from  this  process,  that  die  mutual  compression  and  draw- 
ing together  of  the  timber  will  be  greater  in  proportion 
as  we  make  the  angle  aio  more  prominent,  and  its  cor- 
responding  angle  afowfXA  deep ;  always  taking  care  that 
the  key  shall  be  thick  enough  not  to  break  in  the  narrow 
part 

This  anj^ustment  ^  the  keys.to  the  mortise  is  necessary 
on  another  aopount  Supposiiig  the  joints  to  fit  each  other 
exactly  befiore  driving  the  wedge,  and  that  the  whole  shrinks 
a  little;by  diyiffg^-by.this  the  angle  aio  will  become  more 
popmuMit,.  andi.tbe  angle  afo  will  beoome  more  shallow ; 
the  jwit  wiU  ppen  at  a  and  o,  and  the  mutual  compression 
will  beat  an  end. 

We  may.  also  observe,  that  this  method  will  not  give 
any  additional  firmneas  to  the  abutments  of  the  different 
lengths  eoqplK^ed' to  piece  out  .the  arch-beam  ;  m  which  r^ 
apectit  difiera  niaterially  fitom  the  other  modes  of  joining 
timber. 

Having  .shown  how  each  beam  is  pieced  together,  we 
pnuit  noW'shdw.  how  a  number  of  them  are  unit^,.  so  as  to 
compose  an.  urch  of  any  thi^Jmess.  This  is  dene  in  the  ''f^ 
same  way*  •  The  beams  have  other  mortises  worked  out  of 
thdr  inner  sides,  half  out  of  eadi  half  of  the  beam.  The 
ends  of  the  mortises  are  formed  in  the  same  way  with  those 
already  de6cribe4.  Long  keys  BB,  CC,  (Fig.  19.).  Are 
made  to  fit  them  properly,  the  notdies  being  placed  so  as 
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to  keep  the  beams  at  a  proper  dfatanee  firoitt  eeeh  other.  It 
is  now  pfauh  that  driving  in  a  long  wedge  AA  will  ticnS  til 
together. 

In  this  manner  may  an  ar^  be  extended  to  any  spm^ 
and  made  of  any  thickness  of  aching.  Thebriklge  over 
Portsmouth  river,  in  North  America,  was  more  dbaii  9iS0 
feet  in  length,  and  connsled  of  several  parsM  arches  of 
beams.  The  inventor  (we  think  that  his  name'  is  Blud^) 
said  that  he  finmd'the  strength  so  great,  that  heecmld  with 
perfect  confidence  midce  one  of  four  times  the  span. 

We  admire  the  ingenuity  of  this  constniotion,  and  think 
it  very  eflectual  for  bringing  the  timbersinto  firm  and  wnU 
form  abutmoit ;  but  we  imagine  that  it  requires  ^uffibra* 
ijbn,  because  it  is  ectremely  flexible.  Theie  is  tetfaing  to 
keep  it  firom  bending,  by  an  inequality  of  kxid,  but  the 
transverse  strength  of  the  beams.  The  keys  and  wedges 
can  have  very  little  power  to  prevent  ^s  beniSi^.  d?he 
distance  between  the  beams  will  also  centiffliute  Htde  or 
nothing  to  the  stiffness;  nay,  we  imagine  tibat  a  great 
distance  between  them  will  make  the  frame  mo^  fleziUa 
Could  the'beams  be  placed  so  near  eadi  other  Aat  Aej^ 
could  be  somehow  joggled  on  each  eiher^  the  whote  worid 
be  stiffer ;  but  at  present  they  will  bend  Bke  the  plates  of 
a  ooach-spring.  But  nothing  lunders  0^  frdm  adcfing 
diagcmal  pieces  to  this  constructioil,  whii^  will  give  ft  liny 
degree  of  stiffiiess,  and  will  enable  it  tobear  wy  inequaK* 
ty  of  kiading.  When  completed  in  this  ilianiier,  we  imik 
gine  that  it  will  be  at  least  equal  to  any  oonstruction  that 
has  been  yet  thought  of.  One  advantage  it  possesses  that 
is  very  precious :  any  piece  that  fails  may  be  tdten  ont» 
and  replaced  by  another,  without  (fisturtnng  the  rest,  and 
without  the  smallest  risk.  On  the  whole,  we  think  it  a 
very  valuable  addition  to  British  carpentay.  The  method 
here  practised,  both  for  joining  the  parts  of  one  beam  and 
Ibr  framing  the  different  beams  together,  suggests  the  most 
firm  and  light  constructions  for  dome*roofs  that  can  be 
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ed  ki  pJMQCMk    W^  mqr  p6rfaft|it :  ooMJIIer  tbifi.lii  J^^tp^w 


Vfhm:  diQ  ^dth  of  ibe  met  tfvoaedi  wImA  is  IlK^iigiH 
fffMyeiMe  )i|f,a  fliaf^  tnifl0»  we  must  ihni«»biiie^«Wiflt 
Ijryr  dBiptojadditipii:^  l}y  tiomiKMilfeQii^  dUfareAl  truAw.  ttK 
gether%  Wis  ooivpraie  a  Wdge  I7 '«irt$fe 
T^e  ivali^  A  #«me  ^  oiiiipeatry  of  M^^^ 
por  dup^,  te.iBrv#«8  «i0<»r  the  «idi.«toDeto  ^  n  bridge  of 
iMMiiE7.  Tbb  m^  be  ee«ily  oomprehQiided  by  lookiiBis 
ift]%|M»  ;Sacboftbe^rfiiiMA>B,C»Djiiii»ibew^ 
8Ukc!pd|tfLii«e|MiMtc)bodj)  and  aOr  im  eiipp(irted  fay  tbeiv 
ll^itivplabittfiiem.  T)ie.MlMi«  of  the  thing  UoMehttigec^  ^ 
althoufb  we  mxgigcm  tk^  the  «aib  of  the  fnm  B,  luleed 
of  bfeoig  noctiaed  into  «i  uptight  V  V  unoonnected  wvlb 
thefiame  C»  ia  martijed  ipto  the  uiN%ht  p  c  of  that  ffame^ 
the  ^inedon  and  intennty  of  the  mutual  preeeurea  of  the 
twP.fiwnM  are  the  same  in  both  oases  $  aoco9nfii|gly  this  is 
n  voy  eornmon  form  of  small  wooden  Mdgea.  It  is  usmdj 
indeed,  to  put  diagonal  battens  into  each :  but  we  bdie^ 
that  ibis  is  mpe^  fiequently  done  to  please  the  eye  than  tA 
|midiice«nttnalteiabk  shape  of  eaoh  finme. 

To 4n  unskilful  oaipentttr  this  fari4ge,,dai^n^  seem •es^ 
asotisUy  difiiBMit  from  the  o^teri^^of  Mr  Hupesii  for  the 
faiidge  of  Orleans;  and  indeed  in  many  casesi  it  requioes 
ie8eetion»  pn4  sometimes yery  mnurte reieotion^  todistisi* 
gmsh  between  a  ooq8tm<4ion  whidi  is  otdy  an  additim  rf 
jfinme  toifipame  till  the  width  bo  coveMl,  from  a  cmitABm^ 
tikm  whereone  frame  works nn  th^  adjoiaiiig  ane  transirerso^ 
ly,  poshing  it  in  ei^e  partand  drawing  it  in  another.  The 
seady  wib^  for  an  unlettered  artiat  to  form  a  just  notion  of 
thb  point)  is  to  esumiine  whether  he  may  saw  through  the 
£odneeting|Reoe  fr' &^  ftom  one  end  totbe^othar»andmake 
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them  tivo  sepanite  fivhitt.    Wbe&f v«r  this  onmot  be  dofeie 
without  that  part  (Opening,  it  is  a  ooiistnictioD  by  compoai* 
tion.    Some  of  the  beams  are  od  die  strelch;  aad  ircm 
straps,  extending  along  both  pieces,  aie  nocososiy  fiir  se- 
curing  the  joint.    The  bridge  is  no  longer  a  piece  iX  mik^ 
wmrjj  but  a  performance  of  pure  carpentry,  depencGng  dn 
principles  peculiar  to  that  art    Equilibration  is  necessaiy 
in  the  first  construeticn ;  but,  in  die  second,  any  inequaKty 
of  loading  is  made  inefectual  for  hurting  the  edifioe,  by 
means  of  the  stretch  that  b  made  to  q)erate  on  some  other 
jHece.    We  are  of  opimon  diat  diis  most  am|4e  employ- 
ment of  the  distinguishing  prindiple  of  eaipentry,  by  which 
the  beamsare  made  to  act  ae ties,  will  give  the most.perfect 
oonstruodon  of  a  wide  bridge.    One  polygon  alone  should 
contain  the  whole  of  the  abutments ;  and  one  other  poly- 
gon should  consbt  entirely  of  ,des;  and  the  beams  which 
form  the  radii,  connecting  the  angles  of  the  two  polygons, 
complete  the  whole.    By  confining  the  attention  to  these 
two  simple  objects,  the  abutments  of  die  outer  polygon, 
and  the  joints  of  the  inner  one,  may  be  formed  in  the  most 
Ample  and  eflScient  manner,  without  any  collateral  connex- 
ions and  dependendes,  which  divide  the  attention,  increase 
die  complication,  and  commonly  produce  unexpected  and 
hurtful  strains.    It  was  for  this  reason  that  we  hare  so 
firequendy  recommended  the  centering  of  the  bridge  of 
Orleans.    Its  office  will  be  completely  performed  by  a  truss 
of  the  finm  of  Fig.  S3;  where  the  pdiygon  ABCDEF, 
oonflisdng  of  two  layers  of  beams  (if  one  is  not  sufficient), 
contains  die  whole  abutments,  and  the  other  Ab  c  deF 
is  nothing  but  an  iron  rod.    In  diis  construction,  the  ob- 
tuseness  of  the  angles  of  the  lower  polygon  is  rather  an 
advantage.    The  braces  6  c,  6  d,  which  are  wanted  fer 
trusring  the  middle  of  the  outer  beams,  will  effSectually  se- 
cure the  angles  of  the  exterior  pdygon  against  all  risk  of 
change.     The  reader  must  perceive  diat  we  have  now  ter- 
minated in  the  construction  of  the  Norman  roof.    We  in- 
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deed  think  it  the  best  general  fonn,  when  some  moderate 
dedivity  is  not  an  insuperable  objectum.  When  this  is  the 
case,  we  recommend  the  general  plan  of  the  centering  of  the 
bridge  of  Orleans.  We  would  make  the  bridge  (we  speak  of 
a  great  bridge)  conrist  of  four  trusses;  two  to  serve  as  the 
outsides  of  the  bridge,  and  two  inner  trusses,  separating 
the  carriage-way  from  the  foot-paths.  The  road  should 
follow  the  course  of  the  lower  polygon,  and  the  main  truss 
should  form  the  rails.  'It  might  look  strange ;  but  we  are 
here  speaking  of  strength ;  and  evident,  but  not  unwieldy, 
strength^  once  it  becomes  familiar,  is  the  surest  source  of 
beau^  in  a]l  works  of  this  kind. 
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